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I. ADDRESS OF WELCOME 
M. L. ENGER~-
It is my very pleasant privilege to welcome you to the University 
of Illinois on behalf of President Willard and my colleagues in the 
College of Engineering and the Engineering Experiment Station. We 
feel complimented by your presence and hope that your visit will be 
pleasant and profitable. 
You have an opportunity to sec the activities of the University in 
full swing. There arc about 12 000 students on our campus, and about 
1800 of them arc registered in the Engineering College. The Medical, 
Dental, and Pharmacy Colleges arc in Chicago and have a registra-
tion of about 1200. The total registration in the University this year, 
including the Summer Session, is 17 500, the largest in the history of 
the University. 
The courses of study in Air Conditioning arc administered by the 
Department of Mechanical Engineering. The courses arc given in the 
senior year and arc preceded by thorough courses in mathematics, 
physics, and thermodynamics. The courses include Refrigeration 
Engineering; Mechanical Equipment of Buildings; and Heating, 
Ventilation and Air Conditioning. These, with the accompanying 
laboratory work, give the student a sound grounding in the under-
lying theory as well as the practical applications. For those students 
who wish to go more deeply into the subject, advanced graduate 
courses arc provided. 
Teaching is one of the functions of a University. Another impor-
tant function is to add to knowledge through research. The Engineer-
ing Experiment Station was organized thirty-five years ago "to stimu-
late engineering education and to investigate problems of importance 
to professional engineers and to manufacturing, railway, mining and 
other industrial interests." The research is conducted chiefly by a 
research corps of full-time investigators, but a considerable amount of 
research is carried on by members of the teaching staff. The results 
of research are published in bulletins, circulars, and reprints. The 
Station has published 310 bulletins, 36 circulars, and 12 reprints. 
::\Iany of the researches in the Engineering Experiment Station arc 
cooperative projects in which part of the cost of the investigation 
IS paid by the cooperating agency. There arc 19 cooperative 
*Df'an of the College of EnginPt>ring, UnivPrsity of Illinois. 
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researches in progress for which the contribution this year will exceed 
$125 000. The investigation on Warm Air Furnaces and Furnace 
Heating Systems in cooperation with the National Warm Air Heating 
and Air Conditioning Association has continued since 1918. An inves-
tigation on Heating and Ventilating, in cooperation with the American 
Society of Heating and Ventilating Engineers, has been in progress 
since 1931. An investigation on Summer Cooling, in cooperation with 
the American Society of Heating and Ventilating Engineers, the 
National Warm Air Heating and Air Conditioning Association, and 
others, has been in progress since 1932. Another investigation in this 
field which continued for five years is the Steam and Hot Water 
Heating Investigation in cooperation with the National Boiler and 
Radiator Manufacturers and the Illinois Master Plumbers Association. 
The publications of the Station arc mailed free on request for a 
period of 6 months after issue unless the supply for free distribution 
has been exhausted before that time. On request your name will be 
placed on the list to receive notification of future publications of the 
Station. The Proceedings of this conference will be printed and mailed 
to those who have registered. 
·we want you to feel at home, and we hope to have an active dis-
cussion of the papers. The program has been arranged so that there 
will be time for questions and discussion. We have put tags on mem-
bers of the Department of Mechanical Engineering. They arc your 
hosts and will be glad to serve you in any way. 
II. EQUIPMENT FOR ALL-YEAR AIR CONDITIONING 
W. H. SEVERNS* and P. E. MoHNt 
The considerations to be dealt with here are those of assemblages 
of equipment which will produce air conditions, within an occupied 
space, that are conducive to human comfort in both summer and 
winter. To secure comfortable air conditions the apparatus installed 
must provide in the occupied zones air having suitable motion, tem-
perature, and humidity (water vapor mixed with it), and which is 
clean and inoffensive from the standpoint of odors. The first item is 
one of importance as the air motion must not be such that the room 
occupant will term it an objectionable draft. The problems of air 
conveyance, motion, and distribution will be covered by other speak-
ers and will not be discussed now. Equipment for all-year air condi-
tioning includes more than an air cleaner, a fan, a heater, a humidifier, 
and a system of distributing and return ducts. 
Because of the advertised scope of this Conference, a few brief 
statements relative to all-year air conditioning seem desirable before 
material illustrative of the required equipment is shown. 
The air temperature and humidity conditions essential to the 
comfort of most individuals are different in winter from those required 
in the summer time. As an aid in partially expressing thermo-equiva-
lent conditions, with respect to an individual's sensations of either 
warmth or ~oolness, the term "effective temperature" is used. This 
item is an arbitrary index which expresses the combined effect, appar-
ent to a person, of the dry-bulb temperature of the air, its humidity, 
and its rate of motion. Ordinarily the classification "still air" is 
applied when the air velocity, due to natural turbulence, convection 
currents, etc., does not exceed values ranging from 15 to 25 ft. per min. 
The effective temperature of the air in ·a space is equivalent to that 
of saturated still air which gives the same sensations of either warmth 
or coolness to an individual. Saturated air vapor mixtures are those 
which can hold no more water vapor at their existing dry-bulb 
temperature and pressure. The effect of increased air motion over the 
exposed surface areas of a human body is generally to reduce the 
effective temperature. This condition holds true so long as the rate 
of heat loss from the body can be increased as the result of the air 
motion by eithe:r; or both of the processes of convection, and the 
*Professor of Mechanical Engineering, University of Illinois. 
tAssistant Professor of Mechanical Engineering, University of Illinois. 
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evaporation of moisture from the skin surfaces. Normally the human 
body must lose heat and the rate at which it must be dissipated is 
dependent upon the health of the individual and his physical activities. .. 
When the temperatures of objects surrounding a person are equal to or 
above that of his blood .the loss of heat by radiation cannot occur 
unless the blood temperature rises, which is not desirable. If the 
surrounding air temperature is equal to that of the blood, loss of body 
heat by the process of convection cannot take place, and if the air is 
saturated no evaporation of perspiration can occur to serve as a 
method of body heat dispersal. For winter conditions the optimum 
effective temperature seems to be 66 deg. F. in this latitude. Such a 
condition may represent still air having a dry-bulb temperature of 72 
deg. F. and a relative humidity of 30 per cent. On the other hand, a 
dry-bulb temperature of 68 deg. F. and a relative humidity of 70 per 
cent will give the same effective temperature of 66 deg. F. Because 
of the difficulties of vapor condensation on cold surfaces most resi-
dential plants have to operate with comparatively low relative 
humidities during winter weather. Therefore, the air dry-bulb temper-
ature required may range from 72 to 73 deg. F., or possibly more, if an 
effective temperature of 66 deg. F. is to be secured. 
The effective temperature deemed satisfactory in the summer time 
for people only slightly active may range from 70 to 75 deg. F., 
depending upon the outside air temperature and the period of occu-
pancy of the cooled space. When the period of occupancy is longer 
than 40 minutes, lower effective temperatures seem to be necessary 
than are required where the period of occupancy is for a few minutes 
only. This means that the operating conditions in a store are some-
what different from those in an office building. The reactions of 
people to their atmospheric environment tend to vary more in summer 
than in winter. Consequently,' the problem of making the greatest 
number of people satisfied with the performance of an air-conditioning 
plant is a more difficult one during the summer than is the case during 
the winter season. Although all air-conditioning engineers do not 
subscribe to this idea, geographical location of a plant appears to have 
a bearing on what it must accomplish if the criteria of performance 
by which it will be judged are considered. 
A working knowledge of the fundamentals of space heating is 
essential to handle jobs involving either summer or winter operation. 
Air heating may be accomplished by use of fuel-burning equipment 
provided with heating surfaces, as typified by the many forms of 
direct-fired warm-air furnaces. Where air heating is not effected 
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immediately at the point of heat liberation from the fuel, forms of 
heating surfaces in the shape of pipe coils and extended-surface 
sections made of either cast-iron or non-ferrous materials are available 
for use with either steam or forced circulation of hot water. 
Air cooling at the present time is done either with cold water in 
an air washer operated to serve as a dehumidifier, with cool or cold 
water circulated through finned-surface cooling sections, or by means 
of the direct expansion of some suitable refrigerant in a finned-surface 
air-cooling coil. Evaporative cooling of air by washing_ it with recir-
culated spray water is of little value in this territory because of the 
increase of the humidity of the air which has its dry-bulb temperature 
reduced in the process. 
Where air humidification is necessary, addition of the necessary 
water vapor to an air-vapor mixture cannot occur unless heat is 
provided to cause the transformation of the water from the liquid to 
the vapor state. Many devices which are offered as air humidifiers 
fail because of the fact that sufficient heat cannot be put into an 
adequate quantity of water in a prescribed interval of time to effect 
the required change of state. 
There are two or more methods, used either singly or in combina-
tion, by which water can be vaporized in a suitable humidifying 
device. One scheme is simply to boil water and to direct the resulting 
vapor into the space to be humidified, depending upon the difference 
of vapor pressures to cause diffusion of the water vapor throughout 
the space. Again, the air may be heated so that its wet-bulb tempera-
ture is somewhat above the final dew-point temperature necessary 
for the conditioned air in its final state. This warmed air is then 
passed at a relatively low velocity through finely-divided water sprays 
in which an adequate quantity of water is handled per unit of air 
volume flowing. Sensible heat is taken from the air to vaporize water 
and the excess of the water handled is again recirculated through the 
sprays. This process becomes essentially one of evaporative cooling 
as the water coming in contact with the air acquires a temperature 
somewhere near that of the wet-bulb temperature of the air entering 
the spray. In order to give the air the final dry-bulb temperature 
needed it is then necessary to reheat the conditioned air. So long as 
the entering air is not allowed to fall below a safe temperature of 35 
deg. F. it may be humidified by intimate contact, at a relatively low 
velocity, with an adequate quantity of finely-divided spray water held 
at a temperature near to the dew point temperature of the air-vapor 
mixture at the final desired condition. Some form of a water heater 
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is an essential part of the equipment, and generally further heating 
of the air is necessary as not enough heat is taken from the spray 
water to produce the necessary final air temperature. The excess water 
handled is returned to a heat exchanger where its temperature is again 
increased. In this process water is not wasted. Generally speaking, 
those spray humidifiers which permit the wastage of water are not as 
effective as those which employ the methods just described, and 
which are common in the types of air washers to be shown later. 
Further consideration of air humidifiers includes those which merely 
consist of shallow pans in which the water is heated, and over which 
and about which warmed air flows, picking up water vapor as it 
passes. 
Humidity regulation with the latter equipment is more difficult to 
secure than is the case with an air washer operating under the condi-
tions described. Many plants operate to secure air dehumidification 
in conjunction with air cooling by the methods previously enumerated. 
In order to remove water vapor from the air-vapor mixture handled 
the temperature of the air leaving the cooler or dehumidifier may .be 
too low for successful and satisfactory distribution. Such a method of 
dehumidification imposes an added load on the plant, and may 
necessitate reheating of the air in some way. 
Air dehumidification can also be accomplished by the use of 
either adsorptive or absorptive materials which will draw water 
vapor from the air-vapor mixture -and hold it within themselves. 
Dehumidification agents of this sort are silica gel, lithium chloride, 
and activated alumina. Each of these agents ultimately becomes 
inactive when it has acquired a certain amount of vapor in the form 
of water, and regeneration of the material, to drive off the water held 
by it, is accomplished by the application of heat. All adsorbers and 
absorbers cause an increase in the dry-bulb temperature of the air 
passing through them. as the latent heat of the vapor adsorbed or 
absorbed is transformed to sensible heat. However, the removal of 
this sensihle heat is more easily accomplished in the air coolers pro-
vided in conjunction with such apparatus, than would be the case if 
this same amount of heat were removed as latent heat in a water-vapor 
condensation process. 
Certainly all-year air-conditioning equipment should clean air by. 
some method, and should remove wherever possible those materials 
floating in it to which many people are allergic. Commercial air-
cleaning devices are filters, washers, mechanical separators, and 
electrical precipitators. Where extreme refinements are deemed 
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desirable, combinations of two of the foregoing methods of air cleaning 
may be used. 
Time will not be taken here to describe air filters, as illustrations 
of their general construction will be shown later. The performance of 
the various kinds of air filters varies considerably as regards the 
removal of dirt particles, etc., from air. In general, the statement may 
be made that the coarser and heavier the dirt and dust particles to 
be removed, the higher the cleaning efficiency that may be obtained 
with any particular 'air filter. The exceedingly fine particles of 
materials borne by air are the difficult ones to remove. The American 
Society of Heating and Ventilating Engineers has a Standard Test 
Code for testing and rating air-cleaning devices. The standard dust 
to be used in such ratings consists of 50 per cent by weight of 
powdered lampblack containing a minimum of 97.5 per cent of free 
carbon, which has a minimum bulking value of 31h lb. per cu. ft., and 
50 per cent of Pocahontas bituminous coal ash which will pass through 
a 200-mesh sieve. The code also calls for feeding the dust at the rate 
of 0.35 gram of dust per 1000 cu. ft. of air handled. Both lampblack 
and Pocahontas coal ash vary considerably in characteristics, and aii 
filter dust arrestances as determined when the specifications of the 
standard dust have been met are not always indicative of what the 
filter will do in actual operation in a plant. Filter dust arrestances 
range from 30 to 98 per cent of the weight of dust fed into the air 
passing through a filter . 
. Air washers as air cleaners are not effective when the dust particles 
have an oily or greasy surface. Hence, the removal of soot from air 
passing through an air washer is not generally accomplished. 
The electrostatic air cleaner is one of the newer devices offered to 
remove from air dust, dirt, pollens, etc. As in the case of air filters, 
gases and vapors cannot be removed from the air by electrical 
precipitation, but smokes such as coal smoke and tobacco smoke can 
be taken out. The commercial form of this apparatus is said not to 
generate ozone or nitrous oxides in quantities sufficient ta· be injurious 
to the human organism. 
The matter of odors borne by conditioned air may be a trouble-
some problem. If the amount of dilution of recirculated air with air 
drawn from outside the structure can be reduced in the reduction of 
odor concentrations, the load on the air-conditioning plant can be 
materially lowered in both summer and winter. Therefore, either 
adsorption or absorption of odor-producing materials may be desirable. 
Plants capable of pro<luring nll-year air conditioning are sepa-
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FIG. 1. INSTALLATION OF ACTIVATED CARBON CANISTERS FO!l ODOR 
ABSORPTION FROM Arn 
rated into two general classifications, i.e., unit systems and central 
systems. In the first classification self-contained conditioner units are 
placed in the spaces to be served, and the problems and expenses of 
duct work, together with its space requirements, are either avoided or 
largely reduced. The elimination of a considerable amount of duct 
work partially offsets some of the possibly greater costs of what 
amounts to a number of small independent air-conditioning plants 
scattered about the building structure as compared with those of a 
central plant. The conditioning apparatus of a central system may 
be placed in the building basement, the attic, or other suitable space. 
The securing of building space and the actual installation of ducts 
leading to and from the central apparatus may be expensive. How-
ever, valuable floor space is not sacrificed in the case of the central 
type of system as it may be in rooms served by unit conditioners. 
In discussing equipment for all-year air conditioning, it seems 
desirable to present first some of the component parts which may be 
used to fabricate a complete conditioning plant. 
One of the phases of air conditioning which is frequently omitted 
is that of odor control. The most frequently used method of odor 
control is that of dilution, which is accompanied by an increase in the 
heating or cooling load on the plant. Figure 1 illustrates one method 
of extracting odor-bearing substances from the air and adsorbing the 
noxious gases or vapors. At the left is a canister, constructed of two 
concentric cylindrical shells made of perforated metal. The space 
between the concentric walls is filled with activated carbon produced 
from coconut shells. The top of the canister is solid, the bottom is 
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Fra. 2. TYPICAL Arn FILTERS 
open, and, when in use, is fitted into a hole in a supporting plate. 
The path of air through the adsorbing material is illustrated by the 
arrow. The top center figure shows a longitudinal section of a number 
of these canisters in place as they would be installed in a duct. The 
figure below shows a cross-section of a similar installation. The 
figures at the right show installations of the odor-removing canisters 
in an enlarged section of a recirculating duct. In both cases shown, 
the air first flows through a filter, then through the activated carbon. 
The duct is necessarily enlarged to reduce the air velocity through the 
filters and the carbon containers. The upper view shows the installa-
tion equipped with a by-pass damper; in the lower installation all of 
the air is forced to pass through the filter and the adsorber. 
The activated carbon eventually loses its adsorption power and 
must be renewed or replaced. Renewal is accomplished by heating. 
Most users replace the canisters and return the used ones. to the 
manufacturer for renewal. 
.... Whether odor control is ignored, is unnecessary, or is accomplished 
by dilutio~· or adso~ption, air cleaning is an essential part of the 
conditioning process. Cleaning is accomplished by filtration, electrical 
precipitation, or washing. 
Figure 2·" illustrates several types of filters used in air conditioning 
installations. The chief problem involved in selecting a filter is to 
*Figure from Power Magazine. 
14 ILLINOIS ENGINEERING IGXPERlMENT STATION 
CYJJN0£!<: ANO /l.LT&i!NATE: 
PLATt:5 ·a~Ol/NfJ£0 
~====1- pOSIT/VE PlATt: 
/ArTEl?NE[JIATE PLATES 
CHN?r;E:D 1?:I HIGH 
NEOATIV£ POTENTIAL 
FIG. 3. Am CLEANING BY ELECTRICAL PRECIPITATION 
balance resistance to air fiow, effective cleaning (measured in terms 
of arrestance) and filter cost. The filter illustrated at the upper left 
is one of the "permanent" cleanable type. The distended frame con-
struction insures a favorable low air velocity through the filter. The 
felt filtering element may be removed for cleaning. Dry filters, such 
as those illustrated, clean the air by straining. The viscous type 
cleans the air by causing the particles to impinge against and to be 
retained by a sticky surface. Both dry and viscous types may be 
obtained in throwaway or renewable form. The throwaway type is 
retained in an inexpensive frame, such as fibre or cardboard, while 
the renewable type is framed by a more durable metal frame. Some 
of the dry-type filters may be cleaned with some degree of success. 
A cleanable viscous filter is illustrated. At the lower right are illus-
trations of two common arrangements of filters in a duct. As low air 
velocities through the filters are desirable, the arrangement at the left 
requires a larger duct area for the same air capacity than the "folded" 
arrangement at the right, for the same average air velocity through the 
filters. For economy of space, the method at the right is very frequently 
used. 
In installations where large volumes of air are handled, the auto-
matic type viscous filter, as illustrated in the upper right, is frequently 
used. It consists of a slowly rotating filtering element of woven wire, 
·wire cloth, or rough surfaced plates. Immersion of the filter in an oil 
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Frn. 4. TYPICAL Two-SPRAY-BANK Arn WASHER 
bath at the bottom of its path of travel cleans the screen and coats it 
again with a coat of oil which provides the viscous surface. 
Equipment is available for air cleaning by electrical precipitation 
in sizes suitable for most central conditioning systems. The principle 
of operation of one electrical precipitation system is illustrated in the 
top illustration of Fig. 3. The air enters at the left, passing an ionizing 
unit, represented here by the high potential wire suspended between 
two parallel rods. As air passes through this space the phenomenon 
known as ionization by collision of the air molecules occurs (air 
molecule broken up into negative electron and positive ion). The 
particles of dirt in the air stream will take on an electrostatic charge. 
The air stream carrying the charged particles then flows between a 
system of parallel plates, arranged so that a high uniform voltage 
gradient exists between each pair of plates. The charged particles 
are repelled by plates having a like charge and attracted by plates 
having a charge of opposite sign. When the particle comes in contact 
with the collecting plates, the electrical force becomes zero and the 
particles are held to the plates by adhesion, if the air velocity is low 
enough. The plates are periodically cleaned by washing with a stream 
of water. 
The lower illustration shows how the precipitator is located in the 
assembly of units composing an air-conditioning system. 
Figure 4" illustrates a spray type air washer. The washer shown 
-:<·Figure from Power Magazine. 
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FIG. 6. EXTERNAL VIEWS OF ACTIVATED ALUMINA DEHUMIDIFIERS 
AND REGENERATORS 
has two banks of sprays with flooded eliminator plates at the dis-
charge end. The cleaning effect of the washer occurs almost entirely 
on the wetted surfaces of the eliminator plates and for most effective 
cleaning the plates must be wetted, and nozzles from the flooding 
header are provided to keep the plates wet. 
In addition to its function as a cleaner, such a washer may be 
used in a conditioning system, for cooling, heating, or effecting 
humidity control. Moisture may be added to the air by using the 
washer with recirculated spray water or heated spray water. Heating 
may be accomplished by supplying the sprays with heated water. 
Cooling or cooling and dehumidifying may be obtained by spraying 
with cooled water at suitable temperatures. Thus, the washer may be 
a valuable and flexible part of an air-conditioning system but it is not, 
in itself, a complete air-conditioning system in any sense of the word. 
The washer or a spray system serves frequently as a means of 
humidity control (humidification) during winter operation, and if 
supplied with sufficiently cold water, may serve in a similar capacity 
(dehumidification) in summer. 
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Among the well-known adsorbers are silica gel and activated 
alumina. Figure 5'k presents diagrammatically the use of an adsorber, 
such as silica gel, in an air-conditioning system. In the figure at the 
left, the moisture-laden air is brought into contact with the adsorber 
and leaves it, dehumidified and slightly heated, passing through a 
cooler to effect temperature control. When the adsorber needs to be 
reactivated, it is heated to drive off the adsorbed water. The center 
illustration presents a schematic view of a unit in which both adsorp-
tion and reactivation of the adsorber are accomplished. The figure 
at the right illustrates the application of a similar unit to a distributing 
system in an industrial plant, with provision for temperature control 
shown in the form of a combined cooler and heater. Figure 6 presents 
photographic reproductions of two commercial units for dehumidifica-
tion by means of activated alumina. The equipment at the left is a 
continuous unit having a capacity of 200 cubic feet of air per minute. 
This unit uses electric heating for reactivation of the adsorber. The 
unit on the right has a capacity of 1500 cubic feet per minute, and 
reactivation is accomplished by heating with gas. 
From an academic viewpoint, the refrigeration cycle, used directly 
or in reverse, provides a convenient method for all-year temperature 
control. Figure 7 shows one manufacturer's adaptation of the refrigera-
tion cycle to all-year air conditioning. While the view is diagrammatic, 
it illustrates the principles of operation of equipment of this type. 
Air from the room is circulated through the equipment by fan, 1, 
through the water-collecting trays, 3, over the finned-tube-type cool-
*Figure from Heating and Ventilating Magazine. 
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Frn. 8. Arn-CONDITIONING UNIT EMPLOYING CHEMICAL SOLUTIONS 
ing coils, 4. The coils are cooled directly by the refrigerant from the 
compressor, 9, and the condenser coil, 8. Outside air is drawn through 
fan, 5, and circulates over the water disposal trays, 7, and the con-
denser, 8. The water removed from the conditioned air at 4, collects 
in trays, 3, and :flows to trays, 7. Here the water is carried by the out-
side air up to the surfaces of the condenser, evaporated, and removed 
to the outside. The gaseous refrigerant leaves the evaporator coils at 
10, passes through the three-way cock, 11, to the compressor. The 
compressed gas from the compressor returns through the three-way 
cock, 12, to 13, where it enters the condenser. From the condenser the 
liquid :flows through trap, 15, to the evaporator. 
By reversing the three-way cocks, 11 and 12, unit 4 becomes the 
condenser and unit 8 becomes the evaporator, the liquid refrigerant 
passing from 4 to 8 through trap, 14. Operating under these con-
ditions, the outside air is cooled and de-humidified and the room air 
is heated and humidified. Of course it is possible to mix room air and 
outside air for ventilation purposes. In this equipment this operation 
is performed by a manually-operated damper, which is not shown on 
the diagram. 
Another all-year system operating on an unconventional principle 
is the so-called chemical system, shown diagrammatically in Fig. 8.* 
In this system the air conditioning unit, shown at the bottom of the 
*Figure from Power Magazine. 
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figure, takes in air at the left and discharges conditioned air at the 
right. Two banks of sprays are shown. Each bank sprays a hygro-
scopic solution over extended surface coils. Salts such as lithium 
chloride, calcium chloride, or sodium bromide, may be used. Humidity 
control is effected by controlling the salt concentration in the solution. 
The illustration shows an equipment suitable for cooling and de-
humidifying. As moisture is removed from the air, the latent heat of 
the water vapor condensed, which becomes sensible heat in the air, is 
removed by the circulation of cooled water ·through the extended 
surface coils, the water being cooled by the evaporative cooler shown 
above. The cool water also serves to provide sensible cooling of the 
air in its passage through the conditioner. The salt solution is recircu-
lated by- the pump shown. A part of the solution is pumped to the 
concentrator, where it first passes through two heat exchangers where 
its temperature is increased. It is then sprayed over a bed of evapora-
tive packing, from which it flows over steam-heated extended surface 
coils, then through a second bed of packing. As the excess water is 
evaporated in the concentrator, the vapor is carried to the outside by 
a counter current flow of air. The concentrated solution flows back 
to the reservoir in the base of the conditioner. The degree of con-
centration is controlled by controlling the supply of steam to the 
steam coil in the concentrator. It is evident that with interconnections 
between the steam and water coils, the process of heating and humidi-
fying could be accomplished by the same equipment. 
Every all-year air-conditioning unit must include some means of 
heating as well as cooling the air, in addition to such other necessary 
operations as providi_ng control of humidity, motion, and cleanliness 
of the air. The conditioner illustrated by Fig. 9 uses low pressure 
steam as the energy source for both heating and cooling. Heating is 
accomplished in the conventional way by a steam-blast coil supplied 
with steam from the boiler. Cooling is accomplished by cooling coils 
in the air stream, cooled by an absorption refrigeration unit. In the 
cycle illustrated, methylene chloride is the refrigerant, and dimethyl 
ether or tetraethylene glycol is used as the solvent. The solvent might 
be referred to as the agent for transferring the refrigerant from the 
low side to the high side of the system (low and high referring to both 1 
temperature and pressure). · 
When the unit begins operation, the motor operating the double 
pump is started, circulating the strong solution from the absorber 
through the heat exchanger to the coils in the heater. At the same 
time, solvent or weak solution is pumped from the heater, through the 
heat exchanger, to the absorber where it is sprayed over the water-
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Frn. 9. ALL-YEAR Arn CONDITIONING WITH ABSORPTION REFRIGEHATION 
cooling coil. The solvent or weak solution absorbs refrigerant vapor, 
producing a reduction of pressure in the absorber, and, through the 
suction line, a similar reduction in pressure is produced in the cooling 
coil. The reduction of pressure causes the evaporation of liquid re-
frigerant in the cooling coil, the evaporation being accomplished by 
the absorption of heat from the air which is being conditioned. The 
low-pressure refrigerant gas formed in the cooling coils flows to the 
absorber where further absorption by the weak solution takes place. 
In the heater, the refrigerant is distilled from the solvent, at rela-
tively high pressure and temperature. The resultant solvent drains 
to the bottom of the heater chamber and is returned through the heat 
exchanger to the absorber by the pump. The high pressure refrigerant 
vapor leaves the heater, flowing to the condenser where it is condensed 
into a liquid. The liquid refrigerant is fed to the cooling coils from 
the liquid receiver. 
The refrigerant is condensed and the cooling water supply is main-
tained by the evaporative cooling unit shown at the right. 
The capacity of the unit varies with the steam pressure which is 
maintained in the steam generator. 
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The unit just described (Fig. 9) is designed primarily for com-
mercial application. The unit shown in Fig. 10 is essentially one for 
domestic use. As a type it represents a unique adaptation of a steam 
heating boiler to the uses of air-conditioning systems; but the unit 
in itself is suitable for winter use only. This unit provides, in compact 
form, a boiler, adaptab~e to any fuel desired. The space at 5 is pro-
vided for a conversion burner-gas, oil, or coal stoker. Domestic hot 
water is provided by the immersion heater at 2. Steam is supplied to 
the extended surface heating unit at 1, through which the air is circu-
lated by the fan, 14. Throwaway filters are installed at 13. A humidi-
fier, 15, of the spray type is controlled by a humidistat in the living 
quarters. The unit is suitable for use with a warm-air heating system 
or with a combination system (sometimes referred to as a "split" 
system) in conjunction with radiator heating. Supply, 16, and return, 
17, tappings are provided for the necessary radiator connections. Ad-
ditional equipment for cooling could be added and cooling coils in-
stalled in the supply duct which would be attached at the left of the 
heating unit, 1. 
A unit containing a complete cooling system, fan, filter, and a 
steam coil for heating is shown in Fig. 11. Provision for admission 
of outside air for ventilation and odor dilution is made in the unit. 
The height of the unit makes it most suitable for installation in a free 
standing position, but in certain circumstances it could be suspended 
along the wall of a storeroom, or in a similar position where it would 
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Frn. 12. ALL-YEAR Arn CONDITIONER, SusPENDED TYPE 
not occupy useful :floor space. If used on the floor, the unit may be 
housed in a decorative cabinet. 
Figure 12 shows a compact unit of the suspended type which con-
tains all of the elements necessary for all-year air conditioning. The 
coolant source and the heat supply are located at some point remote 
from the unit itself. A number of such units could be served from a 
single central source of heating medium and refrigerant. This unit 
supplies the essential humidifier which was omitted from the unit of 
Fig. 11. 
In locating units such as that of Fig. 12 in small shops or stores, 
a location such as that shown in Fig. 13 is frequently used. The unit 
shown in outline may contain an integral refrigeration unit. The cir-
culation of cooling air for such a unit is provided for here. Such a 
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Fm. 14. ALL-YEAR DoMESTIC Arn-CONDITIONING SYSTEM WITH 
STEAM HEATING SYSTEM 
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unit would also need a steam or hot water connection to act as an 
all-year conditioner. A refrigeration unit equipped for reversed opera-
tion, Fig. 7, would be ideally suited to such a location. 
In the domestic air-conditioning field, Fig. 14 shows an all-year 
air-conditioning system using direct radiation as the principal winter 
heating source. Such a system is particularly adapted to existing 
homes with radiator heating systems. The system illustrated is a com-
bination system, using a two-pipe steam heating system. The sus-
pended unit in the duct distributing system is equipped with a steam 
heating coil, a direct expansion refrigeration coil, a fan, a filter, and a 
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Frn. 15. ALL-YEAR DoMESTIC Arn-CONDITIONING SYSTEM WITH 
FORCED WARM-AIR HEATING . 
humidifier; the connections to the latter are not shown. This unit is · 
similar to that of Fig. 12. The fan handles recirculated air mixed with 
outside air supplied through the louvres shown. While all of the parts 
shown are essential to all-year conditioning, this type of system is 
particularly adapted to installment installation. 
Figure 15 illustrates an all-year system installed in a home, using 
the forced-air system as .the primary heating system for winter opera-
tion. The main unit of the system contains a fan, filter, and humidifier. 
The smaller unit in the foreground contains the refrigeration unit 
which has been added to the main unit to complete the all-year con-
ditioning equipment. 
There follow three illustrations showing several methods for in-
stalling units in small commercial applications. The illustrations show 
cooling units only. Any of the several all-year units shown in Figs. 
7, 11 and 12 could be used in the conditioner locations shown, if suit-
able steam connections were supplied. 
Figure 16 shows a location somewhat similar to that of Fig. 13, 
in which a single unit serves the space to be conditioned. A suspended-
type unit is most adapted for use here, which allows for maximum 
availability of floor space. The general circulation of conditioned air 
in such a space is indicated. The basement provides ample space for 
the necessary heat supply system. 
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Figure 17 illustrates, at the left, the use of a similar suspended 
unit serving a conditioned space through a distributing duct and 
grilles. On the right, a standing unit serves a similar space through a 
duct system. The duct distributing system undoubtedly provides a 
more balanced distributing system than could be obtained with the unit 
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Frn. 18. UNIT Arn CONDITIONERS SHOWING SEVERAL METHODS OF Arn 
DISTRIBUTION AND UNIT LOCATION 
of Fig. 16. It should be emphasized again that the unit shown is not 
an all-year unit. The heat supply system could be added readily, 
however. 
Figure 18 illustrates several possible methods for the installation of 
suspended units.· In this system the coolant is chilled water circulated 
to the unit conditioners by a water pump. By using a water heater and 
suitable valves, the same system could be made to serve as an all-year 
unit. Two possible methods are indicated for conditioning the space 
at the upper left: First, the suspended unit, located in the conditioned 
space, as in Figure 16; at the right, a similar suspended unit located 
behind a partition or false wall with air being recirculated to the con-
ditioner through a grille in the dividing wall. At the lower left, the 
conditioned space is served by a duct system from a unit suspended 
along the wall, or placed on a storage cabinet or show case. The 
cooling system illustrated is unusual in its use of the economizer unit 
to pre-cool some of the air flowing to the conditioner. 
A . store installation in which washers play an important part is 
shown in Fig. 19.* In this system, it is assumed that winter heating 
is done by radiators. In winter the conditioner supplies ventilation and 
humidification only. 
All refrigeration is produced in the basement, using a centrifugal 
water vapor refrigeration unit. Condensing water is supplied from a 
cooling tower on the roof of the building. Chilled water is circulated 
to the various parts of the building. 
*Figure from Power Magazine. 
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On the main floor, the machinery room here serves as a plenum 
chamber. Outside air mixes in the room, with some of the recirculated 
air, the remainder of the recirculated air by-passing the washer unit. 
On the intermediate and top floors the machinery room is located 
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in an inside room. Recirculated air and outside air are mixed in the 
housing of the conditioner, and the conditioned air is distributed by 
horizontal ducts with the necessary branches and grilles. 
The penthouse restaurant is conditioned by a unit conditioner with 
distributing ducts similar to the scheme illustrated at the right m 
Fig. 17. 
An application of a central system supplying a large number of 
unit conditioners such as would be used in servicing an apartment 
building is shown schematically in Fig. 20.* Each apartment is pro-
vided with a unit containing a fan, filter, heater, reheater, spray 
washer, and cooling coil, for treating outside ventilating air. The 
heaters and the radiator system are heated by forced-circulation hot 
water. The cooling coils are supplied with forced-circulation chilled 
water from a central plant. The cooling coil handles a mixture of 
recirculated air and filtered outside air. The washer and heaters handle 
outside air only. A kitchen exhaust fan aids in suppressing odors. The 
central cooling system is supplied with condenser water from a cooling 
tower on the roof. This installation is an excellent example of the appli-
cation of all-year air conditioning in a building equipped with an 
existing radiator heating system. 
*Figure from I/eating and Ventilating l\.fagazine. 
III. CHARACTERISTICS OF DUCT SYSTEMS AND FANS 
S. H. DowNs* 
The overall purpose of an air-conditioning system is the main-
taining of desired and proper conditions in the spaces that are to be 
conditioned. This must be accomplished under a great variety of 
load conditions which will almost continuously vary due to seasonal 
changes, daily and hourly changes, sunshine changes, and changes 
of heat and moisture loads internal to the enclosure. 
These variations of load on the system must be met by the proper 
treatment and handling of the air which is circulated and which serves 
as a carrier of 
(1) heat to or from 
(2) humidity to or from and 
(3) dust from 
the conditioned spaces. 
In addition to the proper treatment of the air to perform the carrier 
functions listed, it is very important to have a clear conception of 
certain fundamentals governing the flow of the air through the con-
ditioning system, and how these operating requirements can be met 
by forced circulation by means of fans, so that it is possible to put the 
conditioned air where you want it, when you want it there, and in the 
desired quantities. 
Systems for handling and treating air are almost infinite in variety, 
but their consideration is greatly simplified if we limit our discussion 
to the ordinary range of air-conditioning work; that is, to systems in 
which the changes in the density of the air while passing through the 
system arc not great. 
The majority of air-conditioning systems can then be said to follow 
the simple relation 
r = k (cfm) 2 
·where r =resistance of system, inches water gage 
cfm = cubic feet per minute 
k = a constant 
(1) 
When a statement is made that, in connection with a system, a 
certain volume of air per minute is to be handled against a certain 
resistance, a complete definition of the system characteristic curve has 
*Chief Engineer, Clarage Fan Company, Kalamazoo, l\iichigan. 
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been given, if it is clear that the system is of a type that follows 
Equation (I), and the data for this curve can easily be derived as 
follows: 
1000 cu. ft. per min. at 1 in. water gage is specified 
Then, for 500 cu. ft. per min., r = ~ in. 
1500 cu. ft. per min., r = 2~ in. 
etc. 
Plotting of these data will give us a system characteristic curve 
as shown in Fig. 1. 
A different type of system characteristic applies to those condition-
ing systems that arc installed with constant pressure regulators to 
maintain a constant static pressure on the discharge side of the fan. 
In this case, there are often a number of branch ducts, some of which 
may not be in use at times, and it is desired to prevent an increase of 
fl.ow in the ducts in use without rebalancing the system or changing 
the speed of the fan. 
W c now have a system which will have a constant resistance on the 
discharge side of the fan, but that part of the system on the inlet side 
of the fan will follow the relation given in Equation (1). We can 
draw a composite system characteristic as illustrated in Fig. 2. 
The line a represents the value of the resistance of the discharge 
side of the system, which remains constant for varying rates of air 
fl.ow, while the sectioned area above a shows the added resistance for 
varying fl.ow due to the inlet side of the system. 
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The curve s is the system characteristic obtained with the system 
influenced by the pressure regulator. 
Further and more complicated variations of system characteristics 
are met with in other types of applications such as mechanical-draft, 
oven-drying systems, heat-treating systems, etc., which will not be 
discussed, as they are not pertinent to the subject in hand. 
It is apparent, however, from the two cases illustrated that com-
posite system characteristics can be derived simply by adding to-
gether the characteristics of the several parts of the systems. One 
must recognize which parts follow different relationships, and what 
these are. 
In the discussion so far, we have tacitly assumed that it is only 
necessary to state that a system will have a certain resistance for a 
given rate of flow of air in order to have it that way when the system 
is installed. It is obvious from experience that this is far from the 
case, and therefore it be~omes of interest to look further into the 
matter of what we may have after the system is installed. To do this, 
we must first consider some of the characteristics of fans, and these 
will be centrifugal fans, since propeller fans have only a limited field 
of application in this work. 
When considering the applications of fans, it should be kept in 
mind that "free air delivery" is absolutely meaningless, since the fan 
always operates against some resistance, whereas "free delivery" is a 
theoretical condition never attained on any installation. In addition, 
32 ILLINOIS ENGINEERING EXPERIMENT STATION 
---------------81 
I 
I 
I 
I 
I 
Volume or Air in c.t:m. 
Fra. 3 
A 
two fans may have the same free air delivery at a given speed of 
operation, but the pressure-volume characteristics may be entirely 
different, even though the two fans may look alike externally. This 
condition is illustrated by the constant speed curves in Fig. 3. 
Fans 1 and 2 have the same free air delivery, as shown at point A. 
Due to the more rapidly rising pressure characteristic of fan 1, it 
would handle more air than fan 2 when put on a system, since it is 
capable of delivering more air at a given static pressure as illustrated 
by points B and C. 
It is therefore apparent that complete performance characteristics 
of the fan must be known. In addition, the methods of manufacture 
must be such that fans of the same design and size are exact dupli-
cates, or the performance characteristics will be changed. 
The same basic laws of fluid flow which govern the flow and de-
livery of the air through the system also govern the performance of 
the fan, and therefore the fan is very accommodating, in that it will 
perform as the system: to which it is attached dictates. This does not 
mean that the fan will perform in accordance with what someone 
states is required by the system. It means that the fan will perform 
as required by the system as actually installed and these two require-
ments may be quite different. 
When one states that the fan is to deliver 1000 cu. ft. per min. at 
1 in. water gage static pressure, it means that the fan is to be at-
tached to a system which has a resistance of 1 in. when, and only 
when, 1000 cu. ft. per min. are flowing through the system, the air 
being at a standard air weight of 0.07488 lb. per cu. ft. For an actual 
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system not yet installed, this statement necessarily is only an 
estimate, but it must be treated as a true statement of the system 
characteristic. 
In Fig. 4, a constant-speed fan curve F is shown for constant air 
density. This particular curve is characteristic of shallow, forward-
curved blade fans, and illustrates a condition that is sometimes con-
fusing when taking ratings of fans of this type from a catalogue 
capacity table. 
The specified system characteristic curve, s, intersects the fan curve 
F at only one point A, which is the point of operation. In a capacity 
table, it may be found that three different volumes can be read for 
the same r.p.m. at the same static pressure, corresponding to points 
A, Band C .. 
The question then arises, which of these volumes will be delivered 
by the fan? The question is answered by the system. If the system 
is such that curve s defines the system, then the volume at A will be 
delivered. If the same fan at the same speed is put on another system 
whose characteristic is s', the point of operation is determined by the 
intersection of s' and For point B. If still another system with charac-
teristic s" is used, the point of operation will be at C. 
In no case, however, does the fan choose which volume it will 
deliver. It is governed entirely by the system, and only one volume 
can be delivered through one system. It should be noted in this con-
nection that the movement of .a damper, or any other change .affecting 
the resistance of the system, makes it a different system. A system can 
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change its characteristic with the passage of time, as exemplified by 
the change of resistance in a filter as its passages ·gradually become 
clogged by the collection of dust. 
The effect on the fan performance of the last-mentioned change 
is shown in Fig. 5. 
Assume that A represents the point of operation when the system 
is first installed. After the resistance of the filter has increased, the 
resistance of the system has changed from A to B for the same volume 
flowing and the system characteristic has changed from s to s'. 
The fan will operate at point C where s' intersects the constant-
speed fan curve. 
There are certain characteristic laws of fans that are important, 
especially where changes are required after the installation is made. 
For a given design and size of fan on a system with characteristic 
represented by Equation (1). 
(1) c.f.m. is proportional to r.p.m. 
(2) s.p. (static pressure) is proportional to r.p.m.2 
(3) b.h.p. is proportional to r.p.m.2 
and at constant speed 
(4) c.f.m. is constant with air density 
(5) s.p. is proportional to air density and inversely proportional 
to absolute temperature 
(6) b.h.p. is proportional to air density and inversely proportional 
to absolute temperature 
(7) air density varies with (a) temperature 
(b) relative humidity 
( c) barometric pressure 
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If the system characteristic is estimated incorrectly, a situation 
may arise such as is shown in Fig. 6. 
A is the desired point of operation, and F is the fan curve at the 
operating speed of the fan. The system characteristic through A inter-
sects the fan curve at B giving a volume of air that is too small. 
The horsepower required by the fan is shown at point C. In order 
to increase the delivered volume from B to A, it would be necessary 
to speed the fan up until it gives the fan curve F'. 
If the volume at B is 1000 cu. ft. per min. and the desired volume 
is 1200 cu. ft. per min., then, from the laws previously stated: 
1200 
r.p.m.A = -- X r.p.m.B 
1000 
(
1200)3 b.h.p.A = -- X b.h.p.B = 1.73 X b.h.p.B. 
1000 
(b.h.p.n is shown at point C) 
or the horsepower required to get the 20 per cent increase in air volume 
would be 73 per cent greater than the horsepower required for the 
original volume. 
These figures illustrate the necessity of using conservatively and 
accurately rated fans, and for not underestimating the system 
resistance. 
The laws of fluid flow as applied to air can be considerably 
abridged when applied in this field, inasmuch as the variation of the 
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air density is not through a very wide range, since neither very low nor 
very high temperatures are reached. For ordinary application work, 
no large errors will be introduced in figuring resistances from charts 
made out for standard air density. It should be kept in mind, how-
ever, that these charts are not accurately applicable to other air 
densities without the use of correction factors. 
It is impossible to obtain .accurate measurement of air flow in the 
field with any type of instruments, as can readily be seen by com-
paring the c.onditions on any . installation with the conditions that 
are set up for laboratory work by the Standard Test Code. Probable 
accuracy on an installation under good conditions is plus or minus 
ten per cent. Errors may be much larger in some cases, being dependent 
on the conditions of flow at the points of measurement. 
Other characteristics of fans that must be considered are 
(1) Noise 
(2) Cost 
(3) Dimensions 
(4) Arrangement 
Noise is not a function of r.p.m. alone, or outlet velocity alone, 
or tip speed alone, but is a function of a combination of outlet velocity, 
tip speed, dimensions of all air passages, and workmanship. 
Noise may originate in almost any part of a system. It may come 
from (1) any of the air passages (including equipment) (2) bearings, 
(3) set collars, (4) drive, (5) motor or motor control, (6) un-
balance in rotating parts, (7) misalignment of equipment, (8) im-
proper mounting of equipment (9) loose connections, (10) other 
sources peculiar to any specific installation. 
Cost in general will be lower if standard designs are used instead 
of special designs. 
Dimension limitations vary with the particular application, as does 
also the arrangement, as the fans may be built into the main assembly 
in various ways .or may be set up independently. 
There are innumerable combinations of questions that might be 
brought up in connection with 'applications to various types of systems 
involving the coordination of the fans with the remainder of the sys-
tem by means of automatic control, but those are best considered in 
connection with each application as it arises, as it may involve the 
use of additional fans for zone control, or variable volume control, 
or other variations. 
IV. INTRODUCTION AND DIFFUSION OF CONDITIONED 
AIR IN ROOMS 
D. w. NELSON* 
The problem of proper introduction and distribution of conditioned 
air into rooms is a very important one. Since it is more serious in the 
cooling season than in the heating season, this paper will take up dis-
tribution in connection with cooling more particularly. The problem is 
connected with what we loosely term a "draft" or "draftiness." Proper 
or improper introduction and diffusion of the air can make or break 
air conditioning. Here are two comments unfavorable to air condition-
ing, which may have reference to draftiness. A woman, while re-
turning on the bus from a shopping tour, was overheard to say to her 
shopping partner that she hated to shop in a certain department store 
since it had been air condition~d. A doctor and his family returned 
by train from a West Coast vacation last summer. Some of the mem-
bers were down with colds when they came back. When I asked the 
reason, since I didn't think the California climate could be to blame, 
he said the train was air conditioned and "you know what that means." 
The air-conditioning system should be unobtrusive to the occu-
pants; the less attention it draws to itself the better job it is doing. 
Its purpose is to maintain in the conditioned space the desired temper-
t: ature, moisture content, and air movement for comfort. The human 
body must continually dissipate heat, and when the surrounding at-
mosphere allows this to be done without calling one's attention to' the 
problem so called "comfort conditions" exist. In winter this calls for 
usually 70 deg. F. and 50 per cent relative humidity or 72 deg. F. 
and 30 per cent relative humidity. The presence of large cold surfaces 
such as windows, by introducing an unbalanced radiant heat exchange, 
may call for higher air temperatures. Also, in cooling, the presence 
of cooled surfaces will make it advisable to carry higher air tempera-
tures, while the existence of heated surfaces such as uninsulated walls 
exposed to the sun, will make it essential to lower the air temperature. 
In summer there is no one constant air condition as to temperature, 
humidity, and air motion that is most satisfactory. Comfort is also 
dependent upon the length of time an occupant spends in the con-
ditioned enclosure, and upon the outside air conditions. The body heat 
dissipating mechanism becomes' acclimated or adjusted to higher 
*Associate Professor of Mechanical Engineering, Univer~ity of 'Visconsin, l\.fadison, \'visconsin. 
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temperatures in, the summer. A temperature of 75 deg. F. is probably 
as low as is necessary in cooling work, and that only when the outside 
temperature is 80 deg. F. When the outside temperature is 5 deg. 
higher, the optimum inside temperature would be about 1 * deg. higher 
than 75 deg. and 3 deg. higher when the outside temperature is 90 deg. 
A temperature of 80 deg. is quite satisfactory at 95 deg. outside tem-
perature. These values are dependent on other variables, and subject 
to adjustment. They assume a certain relative humidity of about 
50 per cent, a certain air motion .. and lack of unusual radiant heat 
exchange surfaces. The corresponding effective temperatures range 
from 70 to 73 deg. F. 
The conditioning system should distribute the conditioned air quite 
uniformly vertically and horizontally in the room, so that all parts of 
the body of an occupant will be exposed to essentially the same atmos-
pheric conditions, whether standing or sitting. There must be air 
movement for comfort, but it should riot come in puffs exceeding 150 
to 200 feet per minute momentary velocity, which would disturb light · 
objects such as papers or hair. Neither should it have a combination 
of velocity and temperature difference that registers as a sensation 
of draftiness. A draft is a combination of air movement and tempera-
ture directed on some sensitive part of the body which .registers on 
one's conscious mind as a feeling of discomfort. Or perhaps, due to 
preoccupation with other matters, it doesn't register as a draft, but 
. the next day one wakes up with a stiff neck or a· sore throat. Although ;; 
a draft carries the most serious implication in connection with cooling, 
it is not unknown in heating. Some drafty situations I have personally 
known in heating are as follows: Sitting near a window with a cold 
air current descending and creeping over the floor when insufficient 
heat is circulated to .warm this air current. Sitting between an open 
stair-way and a cold air return when the cool air is obliged to come 
down-stairs to return to the heating plant. Sitting near an unused 
fire-place with a leaky or open damper with the cool air finding its 
way across the floor to some source of heat. Still another is standing 
in an open doorway so that the body is subjected to varying tempera-
tures and velocities of air movement. Strangely enough, we become 
more comfortable by going outdoors with a temperature drop of 70 
to 90 deg. F. from inside conditions than we were while standing in 
the fluctuating conditions of an open door. Tests have shown that for 
90 per cent of the subjects a drop in skin temperature of about 3.3 
deg. F. at the neck or ankle is indicative of discomfort.* Less than 
*"Draft Temperatures and Velocities in Relation to Skin Temperature and Feeling of 
'Varmth," by Houghten, Gutberlet and 'Witkowski. 
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that is not registered as discomfort, whereas more is. When the room 
temperature was 70 deg. F. and the relative humidity 50 per cent, 
localized air streams of 40 ft. per min. and 69 deg. F., 25 ft. per min. 
and 68 deg. F., and 12 ft. per min. and 57 deg. F. were registered as 
uncomfortable when directed on the neck. The ankle, clue to protective 
covering, and to being accustomed to temperatures below 70 deg. F., 
can tolerate more severe drafts, such as 52 ft. per min. at 67 deg. F., 
22 ft. per min. at 65 deg. F., and 7 ft. per min. at 63 deg. F. 
Since in cooling work the temperature to be maintained is a vari-
able, depending on the period of occupancy and the outside weather 
conditions, it is necessary to define draft conditions as a series of 
combinations of air movements and temperature differences. This 
has been clone as shown in Fig. F for a range of temperatures from 
75 to 85 deg. F. This chart indicates that at 80 deg. F. an air motion 
of 100 ft. per min. at a one degree depression is the border line for 
tolerance. At a greater air movement or a larger temperature depres-
sion most people would have a sensation of draftiness. If the velocity 
is 50 ft. per min. the limiting temperature depression would be 2 deg. 
F.; at 20 ft. per min. it would be about 2.5 deg. F. When the room is 
carried at 85 deg. F. about 7{i deg. greater depression can be tolerated, 
and when carried at 75 deg. F. about Y:i deg. less tolerance is per-
mitted. People differ greatly as to what is discomfort or comfort, so 
everyone would not agree as to the foregoing limitations; also, the 
sensitiveness to air conditions is dependent on the state of health 
and on the season of the year. There is need for further refinement on 
what constitutes a draft in the heating and in the cooling seasons, 
although the figures just given are considered to be very nearly correct. 
*"Air Distribution from Side Wall Outlets/' D. W. Nelson and D. J. Stewart. 
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The air velocities mentioned arc average velocities from all directions 
as determined by such an instrument as a dry Kata thermometer or 
a heated wire anemometer. Figure 1 would indicate that under low 
temperature depressions a velocity of 150 to 200 ft. per min. might be 
tolerated. However, before such an average velocity is reached, a peak 
velocity would have been passed that would give the sensation of 
puffs of air, and these would be annoying by disturbing hair, paper, 
or other light objects. As determined by an instrument such as a de-
flecting vane anemometer this disturbing peak velocity is considered 
to be about 150 to 200 ft. per min. The permissible average velocities 
on Fig. 1 are perhaps limited to about 100 to 120 ft. per min., since 
forced air movement in a room is almost certain to be turbulent. Air 
circulation in a room is hardly ever uniform, but is by a progression 
of a series of whirls or turbulences, and the peak velocity exceeds the 
average velocity by a considerable amount. 
Figure 1 indicates the upper limits of air velocities that are to be 
tolerated for cooling conditions. There are also lower limits of velocity 
for comfort, as evidenced by the increase in comfort due to the slight 
air motion over the face produced by a hand fan when seated in an 
insufficiently air-conditioned room. This air movement should be 
sufficient to carry sensible heat from the body by convection, and to 
aid in the evaporation of moisture from the body surface. Provided 
the temperature and relative humidity are properly adjusted this mini-
mum air movement is low, probably 15 to 25 ft. per min. Very seldom 
is air so still that it might be termed dead. Under practically all heat-
ing and cooling conditions there is a minimum air movement of 15 
to 25 ft. per min., so the minimum velocity for comfort is not critical. 
The problem in air distribution is to mix the conditioned air, 
whether heated or cooled, with the room air without causing dis-
comfort to occupants. Since this air is almost always much warmer 
or much colder than the room air it is essential to do the mixing in 
that part of the room not occupied by people. This almost always 
calls for mixing in a zone above the six foot level. In the case of 
heating there is no particular difficulty in keeping the warmer air in 
the upper zone. In fact, particular pains must be used to attract it 
away from that zone, after being reasonably mixed, and into the zone 
of occupancy in order to make less of a temperature gradient from 
floor to ceiling. A large gradient makes for discomfort by subjecting 
the body to temperature differences, and increases the cost of heating 
by having high ceiling and upper wall temperatures. The care re-
quired in mixing and the proportions that may reasonably be mixed 
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depend to a great extent on this tendency of air to rise and fall due to 
differences in density resulting from temperature differences. 
- The temperature difference between the incoming air and the room 
air that is required depends also on the heat loss or gain of the space. 
The higher the heat loss or gain, the greater the temperature difference 
that must be used at a given rate of air supply and, conversely, at a 
given temperature difference the greater will be the volume of air that 
must be supplied. Usually where extreme care is not used in mixing, 
. the temperature difference is kept low, and the air volumes are cor-
respondingly large. Temperature diff crcnce and air volume figures 
have been established largely through experience with actual installa-
tions aided by some checks under laboratory conditions. In the usual 
system all of the heat loss or gain of the room is handled by the 
air circulating through the room. Since an air volume at a certain 
pressure and temperature represents a definite weight, the quantity 
circulated can be expressed in terms of pounds of air. Each pound 
of air releases roughly 0.24 B.t.u. upon cooling one degree, and picks 
up the same amount on rising one degree in temperature. The relation 
between heat loss in B.t.u. per hour, weight of air supply in pounds 
per hour, and temperature difference in degrees Fahrenheit is then 
H=W X 0.24t 
This may be expressed in cubic feet per minute (c.f.m.) by introducing 
60 and the density of standard air 0.07488 (at 70 deg. F. and 50 per 
• cent relative humidity), so the equation becomes 
H = 60 X c.f .m. X 0.075 X 0.24t = 1.08 X c.f.m. X t. 
The air volume supplied is often conveniently put in terms of the room 
volume changes by the following relation: 
N = 60 X c.f.m 
Room volume in cu. ft. 
When the heat loss is high, one or both variables of air volume 
and temperature difference must be high. Rather than increase either 
to an extreme, an effort should be made to reduce the heat loss by us~ 
of such items as insulation or double glazing. In general, it seems 
possible and desirable to hold the inlet temperature between the limits 
of 100 and 140 deg. F. or a temperature difference between ihcomirig 
and room air ranging between 30 and 70 deg. F. where all of the heat 
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is supplied by the incoming air. Below the lower limit the air changes 
become high enough to make it difficult to mix the air without ex-
~essive air movement in the zone of occupancy. Beyond the upper 
limit the quantity of air circulated is so low that it. is difficult to get 
active air motion in all parts of the room, with consequent uneven 
temperatures, and a large temperature gradient from floor to ceiling. 
Supply registers or grilles located at the baseboard of inside walls 
are quite satisfactory for heating work, since the incoming heated air, 
being lighter, tends to rise and mix with room air· before circulating 
throughout the occupancy zone. Satisfactory air changes would range 
from 3 to 6 with this system. The returns, one or more per room, 
· would be located near exposed walls in the floor or baseboard so that 
cool air can return to the system with the least .travel over .the floor. 
The grille velocity in such a system is li111ited to about 300 ft. per min. 
A more widely used system for supplying conditioned air for heat-
ing is from grilles or registers placed on inside walls and discharging 
horizontally. The outlets are placed above the zone of occupancy, 
often with an 18-in. dimension from ceiling to top of grille. The 
returns are usually located below the supply grilles. In this arrange-
ment the incoming heated air travels across the room above the zone 
of occupancy, and during this passage it is mixed with room air. The 
air passes to a considerable extent downward near exposed walls and 
flows back to the returns through the occupancy zone. The air must 
be given enough velocity to project itself across the room along with 
the room air induced to travel. with it~ This usually calls for a 
minimum velocity of from 500 to 600 ft. per min. With the usual grille 
in the low pressure fan system used in residence work it is difficult 
at times to use a high enough velocity to project the air to the far and 
exposed side of the room. In such a case the location of returns at· 
the· exposed wall locations, as well as below the supply grilles, will 
definitely aid the a~r circulation, and will give a path for leakage 
air and room air chilled by cooled surfaces such as glass to get to 
the lowest level without causing objectionable drafts across the floor. 
By use of grilles adapted to high velocities this type of distribution 
system may be and is used in large- rooms. For instance _in a gym-
nasium 80 ft. x 80 ft. two supply grilles placed 12 ft. up and discharg-
ing the air horizontally at high velocity are being used. The move-
ment of air over the 80-ft. dimension is aided by placing outlet vents at 
the floor line at this far wall. The returns are located at the floor line 
below the supply grilles. 
With an insufficient air volume and velocity in a room with severe 
., 
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FIG. 3. TEMPERATURE DIFFERENTIALS WITH GRAVITY, AUXILIARY FAN, AND FORCED-
AIR SYSTEMS FOR THE RESEARCH RESIDENCE AT THE UNIVERSITY OF ILLINOIS 
exposure this location of the supply high on a side wall, with the return 
below, will result in very uneven heating. In a living room 15 ft. x 17 
ft. x 9 ft. with three sides exposed, and with the air supply furnished 
at a velocity of 300 ft. per min. and 3.3 air changes per hour, only 
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the half of the room nearest the supply grilles was at a reasonable 
temperature. The far end, having a cozy fire-place arrangement, was 
several degrees below a tolerable temperature. An increased velocity, 
a larger air volume, and returns placed at the exposed end were 
required to make conditions entirely comfortable. Figure 2* shows a 
large residence installation with four returns in the heavily-exposed 
living room. The air changes for this room figure as 6.8. For the entire 
first floor the air changes were 6.8 and for the second floor 7.3 per 
hour. The inside-outside design temperature was 80 deg. F. and the 
inlet design temperature of air was about 130 deg. F. Optimum com-
fort is possible with such design standards. 
Figure 3 shows the variation under heating conditions in floor to 
ceiling temperature differences with various air volume supplies for 
the \Varm Air Research Residence.t Under gravity air circulation 
the air changes were about 2.4 per hour with an average 9 deg. F. 
*A 63-opening installation balanced on one thermostat, American Artisan, Feb. 1939. 
t"Study of Methods of Control and Types of Registers as Affecting Temperature Variations 
in the Research Residence" by A. P. Kratz and S. I{onzo. 
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temperature gradient from floor to ceiling for all rooms. With con-
tinuous fan operation, with an air change of 5.7 on high speed, the 
temperature gradient was 5.8 deg. F. The supply registers were located 
in the baseboards. Figure 4 shows the improvement in temperature 
gradient secured by substitution of a deflecting grille for the perforated 
type in one room. At 60 deg. F. indoor-outdoor temperature difference 
the gr~dient from floor to ceiling was about 8.5 deg. F. for the per-
forated grille, and 4.5 deg. F. for the deflecting grille in the same 
location. Most of this reduction . in gradient came in the floor to 
breathing level, where the gradient was cut in half by the use of the 
improved grille. 
Very often the same installation of duct work and grilles that is 
used in winter heating is to be used for summer cooling. A later in-
vestigation ca_rried on in the Research Residence made a study of the 
grille location in one bedroom 13 ft. 6 in. x 20 ft. 0 in. x 8 ft. 4 in. 
with three exposed walls.* Figure 5 shows the variation from floor to 
ceiling with three supply grille arrangements. For an inside-outside 
temperature difference of 20 deg. F. the total difference from floor to 
ceiling with the baseboard register discharging horizontally was 6.2 
deg. F. When fitted with a deflecting arrangement to shoot the air 
upward at 60 degrees the temperature gradient was 2.5 deg. F. A 
register located on the inside wall near the ceiling and discharging 
horizontally gave a 3.2 deg. F. temperature difference. As mentioned 
in the report of this investigation, the temperature gradient is not so 
reliable a standard of register performance as it is in heating work. 
So long as the occupancy zone is comfortable it would result in 
economy to allow a high ceiling temperature. In large rooms with 
very high ceilings it makes for economy to circulate air only in the 
lower portion of the room, and not disturb the warmer air far above 
the zone of occupancy. Arrangement A in Fig. 6 applies the cooling 
directly where required, but, without much question, too directly for 
comfort. Only by the use of low velocities and small temperature 
differences between the supply air and the room air could this system 
give reasonable comfort. The velocities shown in Fig. 6 for this ar-
rangement would indicate that the velocity and temperature depres-
sions established in Fig. 1 would be greatly exceeded. The temperature 
readings indicated a variation· at the floor level of various parts of 
the room of .3 to 4 deg. F. 
The use of deflector vanes in the baseboard registers to deflect the 
air upward at 60 degrees improved conditions greatly, except for a 
*"Summer Cooling in the ,Warm-Air Heating Research Residence with Cold 'Vater," Univ. 
of Ill. Eng. Exp. Sta. Bui. 305, 1938. 
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zone directly in front of the register. Care would need to be used 
in this system that the air did not reach the ceiling too directly and at 
too high a velocity, since it might be deflected back into the occupancy 
zone. For the high side wall register installation and a velocity of 
450 ft. per min. satisfactorily uniform conditions were obtained in all 
parts of the occupancy zone. The worst condition was near the exposed 
wall across from the register discharge, where a temperature de-
pression of 1.6 deg. F. was observed. Should this be accompanied by an 
average velocity of over 70 ft. per min., Fig. 1 would indicate an un-
comfortable condition at this location, which undoubtedly would be 
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the case near the wall. In attempting to reduce the velocity down 
this wall a lower outlet velocity might be attempted, but it probably 
would result in the relatively cool air dropping into the occupancy 
zone. An alternative would be to use a register with vanes deflecting 
the air stream upward at a slight angle, or one that spread the air out 
fan wise so as to mix with a greater quantity of air above the occu-
pancy zone. In these tests the return was near the other end of the 
same 20-ft. inside wall, and consisted of an open door. Had a single 
return been placed under this supply register, likely the far end of 
the room would have been insufficiently cooled. The difference in 
temperature between supply air and room air was about 12 deg. F. 
in these tests, and the air changes for the whole house averaged 
5.2 per hour. For this particular room the rate of air change per hour 
was 10. 
There has been a tendency in recent cooling practice to reduce the 
volume of air introduced, and consequently to reduce the air changes 
per hour. This calls for a greater temperature difference between 
supply and room air, and places more burden on the grilles to mix 
room air into the jet before it enters the zone of occupancy. Great 
ingenuity has been shown in the designing and manufacturing of grilles 
to meet these severe conditions. When smaller volumes are used, duct 
work is cheaper and takes less building space~ Another reason tending 
to increase temperature differences from 10 deg. F. as a minimum 
towards 30 deg. F. as a maximum is the physical fact that dehumidi-
fication by contact with a cooling medium requires the air to be 
lowered_ below 60 deg. F., say to 55 to 58 deg. F. When a low tempera-
ture difference such as 10 to 12 deg. F. is used at the grille, the quantity 
of air passing through the coils or spray must be diluted with a large 
amount of by-passed air to raise the temperature of the mixture, or 
else it must be reheated by steam coils. At the present time a tempera-
ture difference of 20 deg. F. is quite common. Under these conditions 
most of the diluting or mixing is performed in the room, and must be 
accomplished largely above the zone of occupancy. About 10 volumes 
of room air must be mixed with one volume of supply air to lower 
the temperature difference to the 2 deg. F. required for comfort. 
When applied to side-wall-mounted outlets this means the use of 
the smallest and fewest outlets consistent with satisfactory air motion 
and standards for noise. Absence of and high face velocity are di-
rectly opposed, .and every grille has_ a limit of velocity beyond which 
the noise would be objectionable. The noisier the room the less will 
added noise from the grille be noticed. A fairly quiet room would 
'. 
.. 
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have a noise level of 40 decibels. A noise level of 35 decibels, 5 below 
the room level, for the grille will not add noticeably to the general 
noise level. A grille noise level of 40. decibels added to the room noise 
of 40. decibels will result in a total noise of 43 decibels. Figure 7, 
taken from Chap. 28, 1939 A.S.H.V.E. Guide illustrates a method 
that is useful in determining the limiting velocity when the air volume 
and total loudness permissible for the grille are known. For example, 
if the permissible grille noise is 35 decibels, and the air volume re-
quired is 600 cu. ft. per min., the chart states that the limiting face· 
velocity for this one type of grille is 1000 ft. per min. With a per.: 
missible grille noise,of 40 decibels the face velocity could have been 
slightly higher. From the face velocity and the rate of flow, the re-
quired core area may be determined. Grilles vary greatly in noise 
characteristics, and one of the improvements over old~r types of 
grilles has been in allowing higher velocities without excessive noise. 
An older bar or perforated type grille might be limited to 500 ft. per 
min., whereas a later stream-lined type might use a velocity of 1200 ft. 
per min. with no greater noise. Noise characteristics are usually given 
in the manufacturer's catalog for each type and velocity range. . 
Figure 8 shows the results of tests of two openings 19 in. x 7 in. 
in size at a face velocity of 1000 ft. per min. and 20 deg. F. tempera-
ture difference in a test room 17 ft. wide, 40 ft. long, and 9~ ft. high. 
The upper half of the figure is for an open hole, and shows that the 
air stream dropped to the floor 27 ft. out. The velocities are excessive 
in the .occupancy zone, being 142 ft. at 20 ft. out at the 5-foot level 
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FIG. 8. Arn DISTRIBUTION ALONG VERTICAL SECTION THROUGH CENTER oF 
RooM: A (ABOVE) FOR 19-rN.x7-rN. OPEN HoLE, AND B 
(BELOW) FOR 19-rN.x7-rN. GRILLE 
with a temperature difference of 3.1 deg. F. The momentary velocity 
at this point was as high as 250 ft. per min. 
In order to correct this dumping as shown by the excessive velocity 
at 20 ft. distance, the face velocity might be increased but this would 
cause dumping at a greater distance out. If the face velocities were 
increased sufficiently, dumping would be eliminated, but the velocity 
down the rear wall would be excessive. A plain opening of this size 
will not be satisfactory under these conditions. Only by reducing the 
size and increasing the number can plain openings be used, under the 
conditions shown in this figure. 
The lower half of the figure shows the results obtained when using 
a properly designed air-conditioning grille having closely spaced guide 
vanes to give a slight upward tilt to the air, and to 'give it the degree 
of fine turbulences or swirls useful in the orderly process of mixing 
with the room air. The air stream did not reach the floor with an ex-
cessive velocity, and at no point in the occupancy zone were drafty 
conditions encountered. The highest average velocity encountered at 
the 5-foot level was 55 ft. per min. with 1.3 deg. F. temperature 
difference at 30 ft. out. The air stream reached the rear wall, and 
travelled downward at the reasonable velocity of 55 ft. per min .. at a 
temperature difference of 1.2 deg. F. These velocities are averages 
from all directions as determined by a Kata thermometer. 
It is not necessary in field tests to check for both temperature 
difference and excessive velocity. In general, high velocity air cur-
rents are accompanied by high temperature differences. With the aid 
of smoke, such as produced by a mixture of potassium chlorate and 
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powdered sugar in equal proportions, the air currents can be traced 
out and the worst places made evident. With a little experience even 
the smoke from a lighted cigarette is a good indicator. Figure 9 shows 
the air stream from an unsatisfactory grille and Fig. 10 the a~r stream 
with proper diffusion. 
A summary of the results of comparative tests on plain openings 
and grilles of approximately equal areas, but varying in dimensional 
ratios with proportions from 11 in. x 11 in. to 36 in. x 4 in., is shown 
in Tables 1 and 2. The air streams from all of the plain openings 
at the 1000 ft. per min. face velocity used fell short, reaching the floor 
at distances 23 to 28 ft. out. The air stream from the two grilles 
having low dimensional ratios carried too far, as shown by the high 
velocity down the rear wall. The two grilles of high dimensional ratio 
fell short of the rear wall, as shown by the velocity at the rear wall 
being mixed upward and downward. The 19 in. x 7 in. grille was the 
only one entirely satisfactory for this velocity of 1000 ft. per min. 
with the room length of 40 ft., the ceiling height of 9 ft. 7 in., and the 
mounting height of 7 ft. 6 in. The test results on this grille are shown 
graphically in Fig. 8. 
The tests on this series of grilles indicate that the throw of the air 
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TABLE 1 
PERFORMANCE CHARACTERISTICS FOR Arn DISCHARGED FROM. AN· OPEN HOLE 
(Room length, 40 ft.; face velocity, 1000 ft. per min.) 
1 Nominal size, in .. ................ 11x11 16 x 8 19 x 7 28 x 5 36 x4 
2 Aspect ratio . ..... · ................ 1.00 2.03 2.78 5.84 9.54 
3 Frame area, sq. ft .. .............. 0.803 0.847 0.879 0.915 0.920 
4 Frame area/ duct area . ........... 0.956 0.954 0.950 0.940 0.920 
5 Supply volume, cu. ft. per min ..... 803 .847 879 915 920 
6 Room temperature, deg. F ......... 80 80 79 81 82 
7 Supply temp. diff., deg. F ......... -20 -20 -19 -20 ~20 
8 Max. peak velocity, ft. per min .. 300 250 250 300. 350 
9 Location, ft .. ................ 20 15 20 20 15 
10 Av. vel. same lac., ft. per min . . 225 200 200 200 300 
11 
" 
Max. vel. on CL (Kata), ft. per 
> min ....................... 130 170 142 245 208 
12 ~ Location, ft .. ................ 25 20 20 19 20 
13 ..; Temp. diff., deg. F ............ -2.5 -3.3 -3.1 -4.0 -3.4 
14 ';< Velocity at (1) (Kata), ft. per 
"' .., min ....................... 40 40 20 25 45 
15 
" 
Temp. diff,, deg. F ............ -0.5 +Lo +1.5 0 -0.5 
16 
" 
Velocity at (2) (Kata), ft. per 
-:; min ....................... 25 20 38 20 30 
17 q Temp. diff.; deg. F ............ -0.5 +i.o +L5 0 0 
18 Ve!. at rear wall (Kata), ft. per 
min ....................... 100 up 60 up 75 up 90 up 88 up 
19 Temp. diff., deg. F ............ -1.7 -1.0 -0.8 -2.5 -0.9 
20 Distance from opening at which 
stream hits floor, ft .. ........... 28 25 27 23 28 
21 Distance from opening at which 
primary jet drops to 150 ft. per 
min., ft ........................ 25 26 26 27 23 
TABLE 2 
PERFORMANCE CHARACTERISTICS FOR Arn DISCHARGED FROM A GRILLE 
(Room length, 40'ft.; face velocity, 1000 ft. per min.) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
N omin~l size, in .. ............... . 
Aspect ratio .................... . 
Core area, sq. ft .. ............... . 
Core area/duet area ............. . 
Supply volume, cu. ft. per min .... . 
Room temperature, deg. F ........ . 
Supply temp. diff., deg. F ......... . 
Max. peak velocity, ft. per min .. 
Location, ft .. ............... . 
Av.-vel. same lac., ft. per min .. . 
Max. vel. on CL (Kata), ft. per 
'min ...................... . 
Location, ft .. ..... : ......... . 
Temp. diff., deg; F ........... . 
Velocity at (1) (Kata), ft. per 
min ...................... . 
Temp. diff., deg. F ........... . 
Velocity at (2) (Kata), ft. per 
min ....................... . 
Temp. diff., deg. F ........... . 
Ve!. at rear wall (Kata), ft. per 
min ...................... . 
Temp. diff., deg. F ........... . 
20 Distance from grille at which stream 
hits floor, ft ................... . 
21 Distance from grille at which primary 
jet'drops to 150 ft. per min., ft ... 
11x11 
1.00 
0.677 
0.806 
677 
81 
-20.5 
185 
25 
125 
70 
28 
-0.7 
28 
0 
20 
0 
120 dn. 
-2.1 
40+ 
40+ 
16 x 8 
2.17 
0.711 
0.800 
711 
80 
-20 
180 
30 
75 
70 
30 
-1.5 
24 
+LO 
20 
+i.o 
120 dn. 
-1.6 
40+ 
40+ 
19 x 7 
3.04 
0.729 
0.790 
729 
81 
-21 
180 
30 
100 
55 
30 
-1.3 
20 
-0.5 
10 
-0.5 
55 dn. 
-1.2 
35 
28 x 5 
6.94 
0.723 
0.744 
723 
80.5 
-21 
225 
25 
140 
150 
23 
-3.0 
34 
+o.5 
36 
+o.5 
50 tur. 
-1.8 
40o 
34 
36 x4 
12.2 
0.696 
0.696 
696 
81.5 
-20 
230 
25 
100 
120 
21 
-1.3 
15 
-0.5 
25 
~0.1 
55 tur. 
-1.0 
40o 
28 
CONFERENCE ON AIR CONDITIONING-1939 
-
.,<-
_o.:-cr 
-
8t10 
" -
_.....-- I."' ~ 
~ ~J 
\ / z '--
~ tJ 
y ~ ,/ 
a v v 
-
~ / / .v / ~ll 
~ / )'- v 
" 
;/ 9'• "C1n 1-v•.-, ~=-· "'!_R~L '~ .. 
I 
" 
/t' .zo 
"" 
1 
FIG. 11. EFFECTIVE THROW FOR GRILLES A AND B OF VARIOUS 
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stream decreases with an increase in dimensional ratio, although no 
such trend is evident with the plain openings. Figure 11 also shows the 
influence of dimensional ratio on the length of room for which two 
types of grilles of varying dimensional ratios, high, low, and medium, 
are suitable. The grille marked A is satisfactory for the conditions 
stated on the chart for room lengths from 10 ft. to 30 ft. A change 
in dimensional ratio from low to medium decreases the throw by 7.5 
ft., and one from medium to high by 5 feet at a 600 ft. per min. face 
velocity. A similar relation is shown for the grille marked B, which 
is adapted to higher face velocities and longer room lengths. Both of 
these types, which are quite similar, give a slight tilt upward to the 
air stream, A giving a greater tilt than does B, but each depends to a 
a large extent on mixing room air into the jet, and thereby reducing 
the tendency to drop, in order to get a long carry without excessive 
velocities in the occupancy zone. 
That this influence of dimensional ratio on the travel of the air 
stream is not always the same is shown in Fig. 12 for the same two 
types of grille, A and B, that were shown in Fig. 11 for a 2 ft. mount-
ing height, but are now arranged for a mounting distance of 1 ft. from 
the ceiling. In this case B, which gives the jet less deflection upward, 
behaves in the orderly fashion of increased carry with lower di-
mensional ratio. Type A, however, cannot be used in the lower di-
mensional ratios, and shows a crossed relation for the medium and high 
ratio curves, explainable by deflection on the ceiling that is variable 
with face velocity. The grille type that on Fig. 11 showed the greater 
travel now shows the lesser travel. 
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Results of tests of five types of grilles are shown in Fig. 13 to 
illustrate the influence of design on the velocity and length of room 
the grille is suited to serve. Type A gives considerable tilt to the air 
stream, and is suitable at a 2-ft. mounting distance for velocities 
up to 800 ft. per min. and room lengths up to 35 ft. Type B has only 
a slight tilting characteristic, and uses higher velocities, up to nearly 
1000 ft. per min. to obtain a carry of about 40 ft. Type C is a straight-
throw type using velocities in excess of 1000 ft. per min. to obtain a 
throw of 40 ft. with the same mounting height and core area. Types 
• 
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D and E, each having high dimensional ratios, are used for short 
travel by using the principle of deflection. Type D deflects four ways 
with one section delivering straight ahead, whereas Type E deflects 
equally to right and left, and therefore, at a given velocity such as 
900 ft. per min. is suitable for a room travel of 16 ft. This is only 
one-half the travel of Type B at the same velocity. Type B would 
cover a room width of about 20 ft., where.as Type E would probably 
cover double that width. Both D and E have high dimensional ratios. 
The latter should not be used in narrow rooms, as the velocities down 
the side walls would be excessive. In some cases a high velocity 
deflecting type is useful in clearing columns or other obstructions. In 
the case of beamed ceilings it is essential to insure that the air stream 
clears theni by a proper selection and mounting height of the grille. 
Six types of grilles used for side wall mounting are shown in Fig. 14. 
There are usually many ways of arriving at a workable solution for 
any one problem. Figure 15 shows the high dimensional ratio type 
of grille mounted vertically on a duct located centrally across the 
ceiling of the room. This installation is unusual in having the return 
grilles adjacent to the supply grilles. 
It is also practical to use supply openings located in the ceiling 
with the duct concealed above the ceiling. Some of these are arranged 
to draw in room air through openings and discharge it with the con-
ditioned air in a high velocity sheet below the ceiling. At a given 
supply velocity, the more aspirated air the shorter the throw. The 
relation between supply air volume and throw is shown for one of these 
on Fig. 16. The three curves are for the same unit in the order A to C 
for greater aspirating effect. The throw desired in this case is usually 
one half the room width, since the unit would ordinarily be mounted 
in the center of the ceiling. In the case of a rectangular room, ad-
ditional units would be used in order to keep the areas served by each 
approximately square. Since the mixing takes place near the ceiling 
and uniformly in all directions, the tendency to drop is reduced to a 
minimum. Precautions must be taken to see that the air stream reaches 
the walls served, yet at a velocity below the value that will cause 
uncomfortable air movements down the walls in the occupancy zone. 
Another variation is to use a very large number of small plain openings 
constituting about 15 per cent of the ceiling area, and spaced uni-
formly over the whole ceiling. Figure 17 illustrates the application 
of ceiling units. 
It is apparent that there are available many types of supply open-
ings that will give satisfactory air conditioning when properly applied. 
V. REGULATION OF AIR TEMPERATURE AND HUMIDITY 
c. L. RINGQUIST* 
1. Why Control Systems Are Necessary.-You can't use an auto-
mobile without a driver. Someone must be at the wheel to control 
the power that automotive engineers have placed under the hood. 
Someone with sure hands and steady nerves must guide the vehicle 
in and out of traffic; someone is needed to apply foot to brake or 
accelerator, to switch on lights, to touch the horn. Ill so many words, 
you have to control the vehicle otherwise it will run amuck. Without 
control, the automobile is a bucking broncho; with control, it is a 
docile wheel horse ready to serve its owner. 
Neither can you allow a heating, ventilating, cooling, or air-con-
ditioning installation to run hog wild. To get maximum value from the 
equipment you must sit in the driver's scat. And since this is im-
possible, you're forced to entrust the task to control equipment that 
stands ready to do your bidding. Uncontrolled air conditioning is 
probably worse than no air conditioning at all. Consider the case 
of the theatre manager who, on an average Spring day, would allow 
his air-conditioning system to run wild on a full house. He'd be ex-
ceedingly lucky to have any theatre business left, once the audience 
left his icebox and started to talk. 
Once the reason for a control system is established, the next ques-
tion is what type of control must be used, and how much control is 
necessary. If all driving was on straight concrete roads at 30 miles 
per hour with no other cars in sight, controlling an automobile would 
be easy. The same holds true for the air-conditioning installation. 
If all control problems were the same, our answers would be very 
simple. But they arc not. There is a host of variables affecting the 
selection of controls. These variables may be divided into four 
general classifications: (1) load factor, (2) individual requirements, 
(3) climatic requirements, and (4) process. 
The first, load factor, is the most variable of all. It is the per-
centage of full load capacity required. For instance, an air-con-
ditioning system is designed to meet maximum conditions. But the 
sun doesn't shine all day or every day; nor is a restaurant crowded 
every hour; nor is every piece of heat-producing equipment used in a 
beauty parlor all day; nor does a department store burn all its lights 
all the time. Consequently, the control system must be able to meet 
*The Trane Company, LaCrossc, 'Visconsin. 
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such variables in order to conserve power and to maintain the re-
quired temperature and humidity. Some of the more common load 
factors for various types of buildings are: 
(1) Office Buildings-60 per cent 
(2) Hotels-35 per cent 
(3) Residences-75 per cent 
( 4) Stores-50 per cent 
(5) Restaurants-40 per cent 
(6) Apartments-65 per cent 
Every office has a fresh air fiend who is constantly throwing open 
all the windows, and his violent enemy who closes the windows as 
fast as they are opened. Why? Because each has his own individual 
comfort requirements. Have you ever asked yourself, "What is per-
fect weather?" There are as many answers as there are people in the 
world. Yet the control system must create, as nearly as possible, 
"perfect weather." 
Collect weather" forecasts for one locality for a month and you 
have a good idea ·of the difficulty of laying out a control system to 
combat climatic changes. The variable of climate is probably the most 
difficult of the four we have mentioned because of the constantly 
changing seasons. There is a gradual rise and fall from completely 
shut-down to peak load. 
Process is included only because in many instances it is related 
to comfort, and therefore, is an influencing factor on the layout of 
the control system. For instance, the control system of a hospital 
operating room must maintain relatively high humidities to prevent 
explosion, yet the comfort of the operating staff must be considered. 
. 2. Correlation of System and Control.-You may have a motor, a 
radiator, a body and a set of wheels, but you haven't got an auto-
mobile. You may even have a driver, but still you won't be able to 
get from here to there until you arrange the various parts in a definite 
order. 
The same holds true of an air-conditioning, heating, or ventilating 
system. Because a system is equipped with a set of controls is no 
assurance that this system \vill perform all of the functions required. 
The system must first be arranged and designed to meet the require-
ments of the problem. The various parts which go to make up the 
entire system must be arranged in proper sequence. They must be of 
the proper capacity. They must be properly correlated, one to another. 
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For example, a system may have a set of cooling coils, heating 
~oils, sprays, a fan and a m'otor, but just because you have all of the 
parts necessary for year-around air conditioning it does not necessarily 
follow that these parts could be fitted with a set of controls to ac-
complish the desired results. 
First, the equipment must be arranged in the proper sequence. 
Then the' equipment must be sized and correlated. properly to accom-
plish the results desired. In order that this system may. function 
properly, it must be able to accomplish four definite cycles: ( 1) It 
must be able to heat and humidify in the winter, (2) it must be able 
to cool and dehumidify in the summer, (3) and (4) it must be able to 
dehumidify and heat, or cool and humidify, in spring and fall. 
During these cycles, the equipment must be sized to supply the 
proper amount of heating, cooling, humidifying or dehumidifying, as 
the case may be. The controls must function to maintain the relative 
conditions by closing or opening the proper valves or dampers to allow 
the correct amount of the heating or cooling medium to enter the 
equipment. 
The capacity of the equipment will be changed by load conditions, 
by control changes, or by a combination of both. Therefore, as the 
capacity of the equipment varies under different temperature and 
humidity conditions, the controls must act to maintain the proper 
output to meet the requirements as indicated in the conditioned space. 
3. How Temperature and Humidity Are Controlled.-Fortunately 
for the designer of the control system, control of temperature and 
humidity is easily accomplished. 
There are two basic instruments used, the thermostat for con-
trolling temperatures, and the humidistat for controlling humidity. 
You have every right to question this statement because it is true that 
humidity is sometimes controlled by a thermostat, but in reality the 
instrument is controlling the humidity by maintaining ·a pre-de-
termined temperature at some point in the system. 
The t;vo basic instruments control only four types of operating de-
vices. The thermostat is used to control (1) a damper, (2) a valve, 
(3) a relay, and (4) a motor. The same is true of the humidistat . 
. Therefore, with standard outlined diagrams for each instrument, the 
entire basis for any system can be planned. By a combination of these 
basic outline diagrams, the most complicated system of control can be 
worked out. 
Some of the most common types of control systems include the 
,• 
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following instruments: thermostats, · humidistats, damper motors, 
valves, relays, step-controllers, limit controllers, and pressurestats . 
. Thermostats, generally, may be divided into four types: room 
thermostats, duct thermostats, surface thermostats, and immersion 
thermostats. These four general types may be further subdivided into 
two-position types and modulating types. 
Humidistats are of two general types: room humidistats and duct 
humidistats. These two may be further .subdivided into two-position 
and modulating types. 
Damper motors come under one of .three classifications: two-
position, modulating, and multiple position. 
Valves may be classified as (1) two-position, (2) modulating, and 
(3) multiple position. 
Relays are merely a means of operating a remote unit of equip-
ment from a controlling instrument. They can be classified as mag-
netically-operated or motor-operated. 
Step controllers a.re used to operate a number of units in a definite 
sequence, or in an alternating sequence, depending upon the existing 
conditions in the system. They are of two types: magnetically-
operated or motor-operated. 
Limit controllers are usually of two kinds: room type and duct 
type. They obtained their name from the type of controlling action 
which they exert, and are incorporated into the system to limit either 
temperature, humidity, or pressure. 
Pressurestats may be divided into two classes, those controlling 
liquid pressures, and those controlling vapor or gas pressures. 
We have described the various controls available: now we shall 
attempt to show you how they are used. 
· Fans may be controlled by governing the air volume, or the fan 
speed, or by simply stopping and starting the fan motor. The latter 
method is not considered very satisfactory except for unit heater 
systems. 
There are four main classes of coils used in air-conditioning work, 
(1) water coils, (2) steam coils, (3) refrigerant coils, and (4) electric 
heating coils. 
Water and steam coils are usually controlled by a modulating 
type valve, a two-position valve, or "by face and by-pass dampers. 
Refrigerant coils are controlled either by a shut-off solenoid valve 
and a refrigerant expansion valve, or by a set of face and by-pass 
dampers and a refrigerant expansion valve. Ele.ctric heating coils are 
controlled either by a relay turning the coils on and off, or by a step 
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relay which partially shuts off the coil in steps, thus giving a modu-
lating effect. 
Air washers or sprays are controlled by varying the spray w~ter 
temperature, by controlling the amount of air passing through the 
sprays, or by turning the sprays on and off. 
The operation of water circulating pumps is controlled by throt-
tling the discharge water, by starting and stopping the pump motor, or, 
in rare cases, by varying the speed of the pump motor. 
Water heaters for spray systems are controlled by varying the 
leaving water temperature with modulating control of the heating 
medium. 
Water chillers are usually controlled from the leaving water 
temperature, which is kept constant by variation in capacity of the 
refrigerant source, either by variation in speed of the equipment, or 
by by-passing of the refrigerant gases in the compressors, or by means 
of step control on a number of refrigeration machines. 
Refrigeration compressors have various methods of control. Some 
of the most common are (1) control by suction pressure cut-outs, 
which stop the machines when the suction pressure reaches a pre-de-
termined pressure; (2) control by by-passing the discharge gases into 
the suction line, (3) control by speed variations, and (4) control by 
cutting out a group of machines one at a time in definite sequence, 
depending upon load conditions. 
Various types of control systems have been developed during the 
past few years with which it is possible to obtain control of one or 
more factors in an installation. 
In many installations, it is necessary to resort to a combination of 
these systems. It is well to remember that the type of installation, 
the requirements, and the relationship of the variable factors which 
affect the load, play an important part in the type of system to be 
selected. 
(1) Reheat Cycle (see Fig. 1) 
In this system, the incoming air is treated to obtain the proper 
dewpoint, either by means of coils, or sprays, or by a combination of 
both. It is then reheated to the proper temperature to offset the 
building losses or gains. During the cooling cycle the air leaving the 
reheat coils is at room temperature, or below room temperature, and 
during the heating cycle is at room temperature, or· above room 
temperature . 
. This system is probably the only one which will maintain exact 
conditions under extreme varying load conditions. The main objection, 
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of course, is the expense of operation, which requires the use of 
auxiliary equipment to provide the reheating medium. Additional 
initial expense is also necessary for installation of piping and reheat 
coils. 
(2) By-Pass Method (see Fig. 2) 
This method was originally designed to offset some of the expense 
involved with the reheat cycle. The method makes use of the heat in 
the recirculated air to temper the air leaving the dehumidifier. The 
amount of recirculated air by-passed depends upon the amount of 
heat necessary to temper the air leaving the dehumidifier to bring it 
to the proper temperature for absorbing the correct amount of sensible 
heat. 
Heating coils may be incorporated into the system for winter 
operation with resultant controls as shown. 
This system operates satisfactorily as long as the return air has 
sufficient heat to temper the air leaving the dehumidifier. If, however, 
the sensible heat requirements are small in the conditioned space, 
the resultant temperature of the air leaving the fan may be low enough 
to cause lowering of the room dry-bulb temperature beyond that re-
quired. The condition frequently happens during average summer 
dry-bulb days with high relative humidities. 
Frequently, this system is installed with by-pass control for 
temperature only. This type of control results in variable conditions 
of relative humidity in the conditioned space. Therefore, if control 
of both temperature and humidity is desired, the necessary controls 
for both. should be incorporated into the control system. 
(3) Split-Coil Method (see Fig. 3) 
This control system was designed with the specific purpose of 
having independent control of both temperature and humidity. The 
diagram shows the method of controlling the dehumidifying coil from 
the humidistat by varying the quantity of air flowing over it, and 
controlling the temperature by means of a thermostat and varying the 
temperature of the air leaving this coil. 
This type of system depends upon the heat of the incoming air 
to temper the air entering the fan from the dehumidifying coil. There-
fore, it cannot give accurate control during low summer dry-bulb and 
high humidity days. It does, however, give accurate independent con-
trol of both temperature and humidity during average design load 
conditions. 
Figure 3 shows the necessary controls for this type of system using 
water coils. However, refrigerant coils may be used instead with equal 
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success by changing the type of valve and the arrangement of the 
valve. 
Arrangements for winter operation may be incorporated into the 
system by use of a steam coil as illustrated, or by the use of hot water 
in the water coils. 
(4) Chemical Dehumidifying (see Fig. 4) 
The dehumidifying for summer operation in this type of system is 
accomplished by means of a moisture-absorbing chemical such as silica 
gel, activated alumina, calcium chloride, sodium chloride, or lithium 
chloride. 
The absorption of moisture by the chemical produces heat which 
must then be removed by means of some cooling agent such as cold 
water or a refrigerant, as illustrated in Fig. 4. 
This system is readily adapted to the maintenance of low relative 
humidities without greatly increased cost. 
The control of this type of system resolves itself into control of 
humidity by means of the amount of air passed over the chemical, and 
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control of the dry bulb by means of the amount of heat removed from 
the discharged air. 
There are many variations of the method of setting up and con-
trolling this type of system, but the most simple and most common 
is the one illustrated in Fig. 4. 
(5) The Pre-cool and Reheat Cycle (see Fig. 5) 
This system, sometimes known as the Run-Around System, was 
designed primarily to conserve refrigeration requirements, and for 
operation where the system was to be used only during periods of 
average outside conditions. An examination of Fig. 5 will show the 
operation. 
Heat from the incoming air is transferred to water by means of a 
pre-cooling coil. This water is then circulated through a reheat coil, 
which transfers sensible heat to the air stream after it has been 
dehumidified. 
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(6) The Split System (see Fig. 6) 
T, 
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ZONE 3 
ZONE 2 
~-----"T, 
""'v, 
ZONE I 
The design of this system makes use of a central dehumidifying 
or humidifying unit which supplies so-called primary air to units or 
booster coils located in the various spaces which are to be conditioned. 
Thus the central plant supplies air at the correct moisture content 
to all of the various conditioners, which may be either individual room 
units, or units supplying the air to a group of spaces. 
This system is sometimes referred to as a zone control system, but 
the term, "zone control," should not be used in this connection unless 
the units located in the various spaces are still further subdivided into 
zone systems. 
The controls as applied in the illustration consist of a humidistat 
or limit control for regulating the moisture content of the air leaving 
the central system, and a thermostat for controlling the dry bulb, 
and consequently the sensible heat of each individual space. 
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This type of system is adaptable to installations in which the 
sensible to total heat ratios in all the spaces are practically the same 
and the moisture regains in all spaces are fairly constant. 
(7) Zone Control Systems (see Fig. 7) 
Zone control systems can be made in a variety of ways. Usually,, 
they are designed and zoned in accordance with the direction in which 
the building faces, or according to the heat gains of certain portions. 
of the building. 
Usually, one unit supplies several zones, and the quantity of the 
air is varied in accordance with the requirements of each zone. 
The air requirements are usually varied by means of dampers or 
automatic adjustable grilles. In many cases, the unit itself has a coil 
and sprays or humidifier for each zone. 
(8) Storage Systems (see Fig. 8) 
In the first part of the discussion, reference was made to load 
factor. Storage systems are specifically designed to provide con-
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diti011ing as required by making use of the fact that the load of an 
installation varies within wide limits. 
Strictly speaking, the title of this system refers to the matter of 
refrigeration or heat storage only. However, the use of this system is 
becoming more common and, therefore, it may in the future become 
known as an entire system in itself. 
The main feature is the reduced size of the apparatus for removing 
the heat. 
As will be noted from Fig. 8, the refrigerating apparatus removes 
the heat necessary to maintain the water or other heat transfer 
medium at a constant temperature. The correct quantity of water is 
then mixed with other water that is being circulated in order to main-
tain it at the proper temperature to offset the heat losses or gains 
of the building. 
A difference of opinion exists on the matter of selection of the 
size of equipment for this type of installation. 
The size of this equipment will depend upon several factors, chief 
among which are load factor, storage period required, time for opera-
tion of equipment, al).d space available for storage. 
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4. Concliision.-Briefly, we have shown why controls are necessary, 
the type of controls that are available, and how the controls available 
may be used in various systems. Only with a good control system is 
it possible to obtain the maximum performance from any heating, 
ventilating, cooling, or air-conditioning system. 
VI. REFRIGERATING PROBLEMS IN COMFORT 
AIR CONDITIONING 
R. E. GouLD* 
In any air-conditioning job which is contemplated the first things 
to be considered are what climatic conditions prevail in the locality, 
and what are the desired internal conditions which must be main-
tained. Regarding outdoor conditions there are now available several 
excellent compilations of weather datat which serve to present rather a 
complete summary of our knowledge on this matter. These data in-
clude reasonable maximum dry-bulb air temperatures, wet-bulb tem-
peratures, dewpoint temperatures, wind velocities, and hours of sun-
shine for the entire U. S. Even for the layman these should provide 
some interesting facts; for example, it may be a bit disconcerting to 
realize that the same peak dry-bulb temperatures for the summer are 
encounte~red in St. Augustine, Baltimore, St. Paul, Houston, Milwau-
kee, and. Dayton. Also, east of the Mississippi the average number 
of hours of sunshine per day is nine, whereas the \Vest averages around 
eleven. These few figures may serve to bring out the necessity for 
resorting to compiled facts regarding the weather as it effects air-
conditioning problems, rather than relying on one's general idea of the 
variation from one portion of the United States to another. ' 
The outdoor conditions exert a very direct influence on the load 
which the air-conditioning equipment must overcome, and, therefore, 
the original selection of representative outside conditions is quite 
important, since it effects the first cost of the system, the operating 
cost, and the manner in which the system meets the requirements in 
supplying proper air conditioning. The fact that the proper conditions 
to be maintained in the conditioned space are dependent on the pre-
vailing outside conditions makes a knowledge of these outside phe-
nomena mandatory from another aspect. 
Much discussion has centered about selection of indoor conditions 
for optimum comfort, but it is not the purpose of this paper to pro-
mote any specific opinion. In order that the following topics regarding 
the selection of the proper inside conditions for design purposes may be 
better understood, a brief explanation of the term "Effective Tempera-
ture" must be included. As a measure of the degree of warmth or 
*Assistant l\.lanager, Air-Conditioning Engint,ering. :F'rigidairc Division, General Motors Corporation, Dayton, Ohio. 
tAnalysis of summer weather <lata in the United States by J. C. Albright, A.S.H.&V.E. Journal, 1939. 
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coolness felt by the human body in response to temperature, humidity, 
and air movement, an empirically determined index called the effec-
tive temperature has been devised. The numerical value of the effec-
tive temperature for a selected condition is fixed by the temperature 
·of calm, saturated air which induces the same feeling of warmth or 
cold as experienced in the original condition. No instrument is avail-
able for common usage which gives a direct measure of effective 
temperature, but it can be readily determined by measurement of the 
dry- and wet-bulb temperatures, air velocities, and the aid of suit-
able charts. 
Through a long series of experiments a relation has been tentatively 
established between the correct effective temperatures to be main-
tained and various outdoor conditions. This indicates that for an out-
side dry-bulb temperature of 100 deg. F. an effective temperature of 
75 deg. should be maintained for air velocities of below 25 ft. per 
minute indoors; and for each drop of 5 deg. in outdoor temperature, 
the effective temperature should be lowered 1 deg. While this seems 
to establish inside conditions rather definitely for each locality, there 
are many factors which have a bearing on inside conditions, and it 
probably will be of interest to rather hurriedly review a few facts 
brought out recently.* · 
When maintaining a 72 deg. effective temperature with the out-
doors at 84.8 deg. dry-bulb (which is in agreement with the schedule 
mentioned in the foregoing) the maximum number, or about 90 per 
cent, of the occupants were comfortable throughout the day, whereas 
those who were too cool, and those who were too warm each totaled 
about 5 per cent. Of this particular experimental group of persons 
which was comprised of close to 100 people, the men preferred an 
effective temperature of 71 deg., which was about 2 deg. lower than 
that preferred by women. The importance of maintaining proper 
temperatures is indicated by the fact that if the effective temperature 
is carried just 1 deg. below the optimum for men, 70 per cent of the 
women occupants will be uncomfortable and dissatisfied. A much 
happier choice is to lean the other way slightly, and design for a 
slightly higher effective temperature. This has another angle to it, 
namely, in mediating somewhat the so-called "cold shock" which is 
sometimes experienced when entering a cooled zone. At effective 
temperatures of 71 deg. or lower, the percentage of people un-
comfortable upon entering a conditioned space increases rapidly, as 
*"Reaction of Office Workers to Air Conditioning in Southern Texas," by A. J. Rummel, 
S. E. Giesecke, ,V, II. Badgett, A. T. Moses, A.S.H.&V.E. Journal, 1939. 
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does also the time for these people to become "acclimated." By 
maintaining the optimum effective temperature for occupancy of an 
hour or more, those voicing cold shock will be less than 5 per cent, 
and the average duration will be less than 15 minutes. To even further 
reduce these complaints by raising the effective temperature results· 
in a much larger percentage of uncomfortable long-time occupants. 
Therefore this practice must be limited to zones of transient occu-
pancy such as small shops, etc. Nevertheless, a legitimate increase 
of 2 deg. in the design effective temperature for those short occupancy 
situations must not be overlooked by the application engineer, as such 
a decision can materially affect the size and cost of the equipment 
selected. 
While the subject of the proper conditions to be maintained indoors 
may be considered by some to be related to the so-called "warm 
shock" which is experienced when leaving a cooled space, the latter 
phenomenon is probably much more closely associated with the actual 
existing outdoor temperature. If the temperature outdoors is extreme 
in either direction, summer or winter, people are uncomfortable as they 
step outdoors and they remain uncomfortable to an extent depending 
on the weather. 
In a minor way the actual sensation of warm shock is influenced by 
the conditions in the cooled zone, in that for a pre-determined effective 
temperature, i.e., 72 deg., a wide latitude of combinations of dry-bulb 
temperatures and humidities may be maintained. 
Effective Temperature 72 deg. 
(Air velocity 25 ft. per minute or less) 
Dry-Bulb Temperature Per cent Relative Humidity 
75.0 70 
76.0 60 
77.5 50 
79.0 40 
80.5 30 
If a combination is selected at the high relative humidity end of this 
range, a sensation of a "furnace-like" heat and dryness is encountered 
when a person steps outdoors. If the low relative humidity range 
is chosen, a transitionai sensation of warmth and dampness is experi-
enced which may be likened to the sensation of pouring warm water 
on the skin. Recovery from either reaction is fairly rapid, and any 
retained feeling of discomfort, as stated previously, is then a function 
of the actual state of the weather. 
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Thus it may be noted that from the standpoint of the comfort 
reaction of the public, the proper selection of internal design conditions 
to conform to outdoor conditions is quite a complicated and refined 
art, depending as it does on many variables. The major factors 
and their effect as briefly outlined in the foregoing, serve in a way 
to uniquely set forth the reasons for the very existence of summer 
air conditioning, in that the attempt to provide an atmosphere wherein 
the majority, regardless of weather conditions, m~y be comfortable 
to the extent of being unconscious of the operation of an air-condition-
ing system, is considered by the public as being a commendable fait 
accompli. 
If it is assumed that along with a knowledge of design temperatures 
the application engineer has at his disposal a range of suitable 
products, he has the essential tools to begin to engineer a job for low 
cost. An analysis or complete survey of all factors on a specific job 
which will in any way influence the size, type, and cost of the equip-
ment must be made. The actual cooling load must be calculated in 
detail, figuring the sensible cooling load as including heat leakage 
from any source that would tend to raise the dry-bulb temperature 
of the cooled space, and figuring the latent cooling load as any heat 
given off by the condensation of moisture from any water vapor or 
steam generated within or brought into the conditioned space. The 
following sensible cooling loads may occur, but not all are necessarily 
in effect on every application: 
. (1) Heat leakage through walls, floors, ceiling, or roof, windows 
and doors. Heat is transmitted from a space at a higher temperature 
to a space at a lower temperature due to the temperature difference 
between the two spaces. Any construction material acts only as a 
retarder in the rate of heat transmission of a wall, floor, ceiling, or 
roof. It follows that construction materials with low rates of heat 
transmission will require in any given period of time less cooling load 
than construction materials having a higher rate of transmission. 
Proper formulae and transmission coefficients are available in many 
handbooks, so that such loads may be readily calculated. Construc-
tion details arc of extreme importance, i.e., an uninsulated, flat, con-
crete slab roof costs twice as much for cooling equipment as does the 
same roof when insulated with 1 in. of cork-this includes the cost of 
the cork along with reduced equipment costs. 
(2) Heat gained from sun effect on walls, windows, skylights, and 
roof. Obviously of two walls with identical construction the one on the 
sunny side will transmit more heat into the conditioned space. Many 
76 ILLINOIS ENGINEERING EXPERIMENT STATION 
methods exist for calculating these increased loads, possibly the 
simplest being to arbitrarily assume that the sunny wall or roof 
surface will be ten, twenty, or thirty degrees higher in temperature 
than a shaded surface. Windows unprotected from the sun's rays admit 
about 30 times as much heat as the same shaded area of average wall 
construction. In fact, 'a square foot of west exposure, unprotected 
window accounts for about $4.50 worth of equipment. The same 
window when properly protected with awnings accounts for a cost 
per square foot of only 40 cents. 
(3) Heat gained · from persons, lights, appliances, and other 
internal sources. In considering the occupants, it should be remem-
bered that comfort cooling is for the occupants at the time of occu-
pancy. The actual time of occupancy, whether it will be in daytime or 
at night, and also the length of occupancy, arc important. This may 
be brought out even more forcibly by the fact that each additional 
occupant (if occupancy occurs at the peak-load period) means an 
additional outlay of $10 or $12 for extra equipment .. Lights, motors, 
etc., should be taken cognizance of, especially considering the time of 
operation, for every 100 watts of electricity consumed may mean $9 
of additional equipment. Coffee urns and steam tables in restaurants 
should receive careful attention, the latter accounting for $12 per 
square foot if unhooded, and $1.50 per square foot if hooded. 
(4) Heat gained in duct systems where uninsulated ducts run 
through warm spaces, such as attics. 
(5) Heat gained due to incoming air which enters by natural infil-
tration or which is introduced by mechanical means for ventilating 
purposes. The ventilation rate to be specified is governed rather 
definitely by the type of usage to which the conditioned space will 
be put; and may vary from a rate of 5 cu. ft. of fresh air per 
minute per person to as high as 30 cu. ft. of fresh air per minute per 
person when smoking is permitted. While adequate ventilation must 
be provided, excessive rates should not be contemplated, since for every 
100 cu. ft. per minute in excess an equipment outlay of $50 to $85 
results. 
Savings in first cost and in operating cost of an air-conditioning 
system are possible if a careful analysis of the sensible cooling load is 
made, and if remedial measures arc· adopted. 
The latent cooling load may be made up of moisture given off by 
occupants, moisture from coffee urns and steam tables, and the 
moisture brought in with ventilating air. The precautions cited under 
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these specific items in the sensible cooling load analysis apply equally 
well for latent loads. 
With the complete cooling load, and the relative importance of the 
sensible and latent loads ascertained, the application engineer may 
sometimes lower the cost of the equipment even further by judiciously 
altering the pre-selected design conditions so as to enable him to 
specify other combinations of evaporators and compressors. This may 
be done by changing the design dry-bulb temperature and the relative 
humidity, yet retaining the same effective temperature and the same 
comfort conditions as originally selected. 
The rate of air change (not to be confused with the ventilation 
rate) dependent as it is on the volume of the space, the size of the 
sensible cooling load, the air distribution method selected, and the 
permissible difference between inlet and outlet air temperatures, 
exerts an appreciable influence on the cost of the system, since the sizes 
of fan, motors, and ducts are all affected. Space arrangement, archi-
tectural features both structural and decorative, sound proofing, avail-
ability of services and their size and location, are additional items 
which can influence the selection, cost, and successful operation of the 
system. 
Possibly a discussion of some of the service problems encountered 
after a system has been placed in operation should be taken up. ·How-
ever, most of these problems are specific ones, and have no place in a 
general discussion. Those occurrences which could be referred to as 
"common ills" are usually adjusted very quickly by efficient service 
organizations, and future designs are such that the difficulty is elim-
inated if possible. In fact the entire tendency of modern air-condition-
ing equipment design is to supply the field and the customer with high 
production, package type equipment as completely self-contained as 
possible. The reasons for this trend are obvious, since by production 
design and high production manufacturing methods the customer ob-
tains the advantage of low initial cost; and by producing packaged 
and self-contained equipment the customer will receive the most effi-
cient combination of parts, installation expense is reduced, possibility 
of improper refrigerant and lubrication oil charging is avoided, and the 
ensuing operation will be trouble and service free. In the air-condi-
tioning field the advent of factory built evaporators complete with 
expansion valves and refrigerant, in contrast to those built up in the 
field out of pipe, is a matter of history. This is also true of the unit 
type of compressor, motor, controls, condenser, receiver, and mounting 
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base which has been in use for some time. More recent is the room or 
office cooler of approximately %-tons capacity, and the larger units of 
3, 5, and 10 tons, which are complete units containing the entire air-
conditioning system. Not to be lost sight of is the constant search for 
new air-conditioning schemes, new refrigerants, new materials, new 
heat-treating methods, new fabricating methods, which all eventually 
lead to our general comfort and well being. 
VIL BUILDING INSULATION; TYPES AND APPLICATIONS 
S. KoNzo* 
1. Introduction.-Shelter, whether it be a tent or a bungalow, con-
sists of a barrier between the occupant and the external weather. 
Naturally the effectiveness of that barrier is directly dependent upon 
the nature of the construction of the shelter itself. Good. construction 
of the shelter, in the shape of walls and ceilings forming adequate 
heat and wind barriers, consists of insulation of walls and ceiling, tight 
walls, double windows,1t weatherstripping of doors and windows, calk-
ing of window frames, and awnings for summer use. 2 In this paper a 
brief outline will be presented of types of insulation, effectiveness of 
different thicknesses of insulation as related to its use in forming an 
adequate heat barrier or in reducing heat transmission, and the 
increase in comfort conditions resulting from the use of insulation. 
2. Types of Insulation.-Insulating materials of many diverse 
types and forms are commercially available, as indicated in Table 1 
and Fig. 1. 
TABLE 1 
TYPES OF INSULATION 
(1) Loose Fill or Blanket (blown or packed into spaces) 
(a) Vegetable source, such as granulated cork 
(b) Mineral source, such as wools 
(2) Boards 
(a) Rigid type (some forms used in place of wood 
sheathing) 
(b) Flexible type 
(c) Slab type (some forms used as plaster base) 
(3) Reflective Types 
With few exceptions in the case of loose fill and the board types 
of insulation as shown in Table 2, the conductivity, k, of the various 
materials which are commercially available ranges in value from about 
0.24 to 0.30, or an average value of 0.27 B.t.u. per hr. per sq. ft. per 
deg. F. in temperature from surface to surface per inch of thickness. 
In fact, any calculations of overall heat transmission coefficients 
based on a conductivity value of 0.27 will represent fairly well the 
*Special Research Assistant Professor of Mechanical Engineering, University of Illinois, 
Urbana, Illinois. 
tlndex numbers refer to bibliography at end of this article. 
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(/)-Loose Fill or B!onker 
Ceiling Wall 
(Z)- Boards, Rlgkl or Flexible 
Ceiling 
(3)-Reirlecf/ve or Mera/lie 
Ceiling 
Wall 
Wall 
Note-Air spacf?s in walls Cir& seC1led 
. rop and bottom 
FIG. 1. COMMON METHODS OF APPLYING INSULATION 
results which may be expected from a large ·majority of the loose fill 
and board types of insulation. Hence, the calculations presented in 
this paper are· based on this average conductivity of 0.27 B.t.u. per 
hr. per sq. ft. per d~g. F: per inch of thickness. Exact values of 
conductivity for various types of insulating material are given in the 
A.S.H.V.E. Guide.3 . 
Conductivity value~, 'k, which are based on a thickness of insulation 
of 1 in., do not serve a~ .a reliable. criterion in comparing the effective-
ness of two types of insulation .of different thicknesses. The conduct-
ance of the material, c, namely the heat transmitted through the 
actiwl thickness of the material, offers a more significant value in 
comparing the relative effectiveness of two types of insulations. If the 
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TABLE 2 
CONDUCTIVITIES (k) OF INSULATING MATERIALS 
Values reproduced from A.S.H.V.E. Guide• of 1938 
See also Appendix Sections (a) and (b) 
Blanket or Flexible Type 
k· 
Fiber-Typical. .•................................................ :...... 0.27 
Semi-Rigid 
(Ranges from 0.24 to 0.28 for wood fiber, eel grass, flax fiber, hair, 
and jute.) 
Fiber-Ranges from 0.25 to 0.32 
for flax, hair, jute, and peat moss. 
Loose Fill or Bat Type . 
Fiber-Fibrous material from dolomite and silica ........................... . 
Fibrous material from slag . ............... ._ ........................ . 
Glass Wool-Fibrous material. •.•......................................... 
Mineral Wool-All forms, typical. ........................................ . 
Rock Wool-Fibrous material made from rock, 10-lb. per cu. ft ............... . 
Regranulated cork, 3/16-in. particles ...................................... . 
Sawdust ............................................................... . 
Gypsum-flaked, dry, fluffy, 24-lb. per cu. ft ............................... . 
Rigid Type 
Corkboard-Typical. ....................... .' ........................... . 
Fiber-Typical. ........................................................ . 
(Range from 0.29 to 0.36 for fibers from wood, cane, straw, and 
corn stalks.) 
0.27 
0.27 
0.27 
0.27 
0.27 
0.31 
. 0.41 
0.48 
0.30 
. 0.33 
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conductivity, k, is given for any material, the conductance, C, for a 
thickness x in. may be determined from the equation: 
C=k/x (1) 
Since the insulation in a wall or ceiling is superimposed on the 
structural frame comprising the wall or ceiling, the actual reduction 
in the heat loss effected by adding insulation can be determined only 
from the overall coefficient of heat transmission, U, for the entire wall 
or ceiling (see Appendix Section ( c)). For the purposes of this discus-
sion the arbitrary classification of heat barriers shown in Table 3 has 
been made. 
TABLE 3 
ARBITRARY CLASSIFICATION OF HEAT BARRIERS 
Classification 
Excellent heat barrier 
Good heat barrier 
Fair heat barrier 
Poor heat barrier 
u 
Overall coefficient of heat transmission, 
B.t.u. per hr. per sq. ft. per deg. F. 
0.1 B.t.u. or less 
From 0.1 to 0.20 B.t.u. 
From 0.2 to 0.30 B.t.u. 
Over 0.30 B.t.u. 
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3. Insulation of Walls.--'-The effect of insulation in reducing the 
overall coefficient of heat transmission from outdoor air to indoor air 
can be determined only when the construction of the wall or ceiling 
is specified. The effectiveness of a given thickness and type of insula-
tion will be greater when the insulation is applied to a relatively poorer 
wall or ceiling. 
The values shown in the top part of Fig. 2 show the decrease in 
the overall coefficient of heat transmission for different thicknesses of 
insulation installed in a standard frame wall, having an original 
coefficient, U, of 0.25 B.t.u. per hr'. per sq. ft. per deg. F. between air 
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to air (see Appendix Section ( d)). The percentage reduction in the 
overall coefficient is shown in the lower part of Fig. 2. The reduction 
in the overall coefficient is 48, 64, and 73 per cent for insulation thick-
nesses of I, 2, and 3 in. The diminishing return from each additional 
inch of applied insulation is clearly illustrated by the fact that with 
the first inch of insulation the reduction was 48 per cent, whereas for 
the next inch the reduction was 16 per cent, and for the third inch it 
was only 9 per cent. 
From the standpoint of the most economical ·thickness of insula-
tion, taking into consideration the cost _of fuel, the cost of insulation, 
the severity of the climate, and the maximum return on the investment, 
the use of a thickness greater than I in. might be difficult to justify. 
However, other considerations such as the possible reduction in size of 
heating plant and the increase in comfort resulting from the use of 
adequate amounts of insulation lead to the conclusion that the addi-
tional investment represented by at least two inches of insulation may 
. be justified. Frorµ Fig. 2 it is apparent that the use of 2 in. of insula-
tion in a typicat'wall will result in a value less than 0.1 B.t.u. per hr. 
per sq. ft. per deg. for the overall coefficient of heat transmission, thus 
making the wall conform with the best classification shown in Table 3. 
4. Reflective or Metallic Insulation.4-The reflective, or metallic, 
forms of insulation are comparatively new on the market, and are 
usually inserted in the studding space so that the sheets are separated 
by air spaces. Unlike any of the filler or board types of insulating 
material, the effectiveness of the reflective types of insulation is not 
proportional to the thickness of the metallic sheet itself. The insulat-
ing value is dependent on the ability of the metallic- surface to reflect 
radiation received upon it. That is, materials having a low emissivity 
coefficient are better insulators than materials which absorb a large 
percentage of the heat received upon the surface. The insulating 
value is also dependent on the number of layers or curtains of reflective 
insulation used in any given wall or ceiling construction. 
The insulating value of aluminum foil and similar reflective types 
of insulation can be expressed in terms of the equivalent thickness of 
some common form of insulating material, which would be required 
to produce the same insulating effect.5 . As a basis of comparison a 
typical insulation was selected having a heat conductivity o_f 0.27 
B.t.u. per hr. per sq. ft. per deg. per in. thickness of material. A graph 
showing the heat conductance of this typical insulation_ for various 
thicknesses of the material is shown in Fig. 3. The value for heat 
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conductance decreases quite rapidly as the thickness of insulation is 
increased. This is especially true for thicknesses up to 2 in. 
The notation (a, b, c, etc.) in Fig. 3 indicates the values of heat 
conductance for various arrangements of the reflective type of insula-
tion, which are shown in the diagram on the left-hand side of Fig. 4. 
For example, arrangement "a". consisting of one layer of reflective foil, 
placed on one surface spaced % in. from another surface, thus forming 
.. 
CONFERENCE.ON AIR CONDITIONING-1939 85 
an air space, has a heat conductance equal to 0.62 B.t.u. per sq. ft. 
per deg. difference. It may be noted from Fig. 4 that arrangement "a" 
is equivalent in heat conductance to 0.44 in. of fill insulation placed in 
contact against a wall surface. 
The conductance values. for the nine arrangements of the reflective 
foil insulation are those determined from tests conducted by Prof. 
F. B. Rowley6 at. the University of Minnesota. These conductance 
values were in every case superimposed on the curve shown in Fig. 3, 
and a value of equivalent thickness of typical insulation was thereby 
determined. The values of equivalent thickness are shown in graphical 
form on the right side of Fig. 4. · 
An inspection of the yalues tabulated in Fig. 4 indicates some 
interesting relationships, as follows: 
(1) The value for heat conductance for reflective insulation· de-
creases when the width of the air space between the foil insulation and 
the surface is increased from % in. to % in. Compare arrangement 
"a" with "c"; also.11rrangement "b" with "d". 
(2) The insulating effect of a curtain, composed of two bright 
reflective surfaces,· is better than that of an air space faced with 
reflective surfaces. Compare arrangement "e" with "b"; also arrange-
ment "!" with "d". 
(3) An increase in the number of curtains of foil insulation in-
creases the number of air spaces and reflective surfaces, thereby 
decreasing the conductance. Compare arrangement "!" with "g". 
(4) Two curtains of aluminum foil placed in a space 2:X in. wide 
give an insulating effect equivalent to 1.8 in. of fill insulation. 
Ill general the insulating effect obtained from other types of 
reflective insulation, having higher values of emissivity coefficient than 
those for aluminum, will not be as good as those indicated in Figs. 
3 and 4. It should be noted that the relative insulating value of foil 
types of insulation may be greater when such insulation is placed in 
a horizontal position,7 such as in the ceiling joists, than when it is 
placed in a vertical position, as in sidewalls. The comparisons shown 
in Figs. 3 and 4, therefore, apply specifically to sidewall insulation. 
5. Insulation of Ceiling.-Curves of th~ heat transmission coeffi-
cient and the percentage of reduction for a ceiling, both unfloored and 
floored above it, are shown in Fig. 5 (see Appendix Section (e)). The 
values shown in Fig. 5 apply, however, only to cases in which the 
attic air temperature has a constant value, regardless of the thickness 
of insulation applied to the ceiling joists. This condition might be 
approximated only in a well-ventilated attic in which the attic air 
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temperature was practically the same as the outdoor air temperature. 
The coefficients shown in Fig. 5 can be used in the following equation 
ofheat loss: 
If this equation is to be used an estimate of the attic temperature, ta, 
should be made. Table 5 in the Appendix Section (e) is suggested for 
use in this connection. 
In most cases, and especially for unventilated attics, the air tem-
perature in the attic space does not have a constant value, and is 
.. 
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dependent not only on the nature and shape of the roof construction, 
but also on the amount of insulation applied to the ceiling joists (see 
Appendix Section (f)). The calculation of the heat loss through the 
ceiling (and roof) can be made by considering the ceiling , and roof 
structure as an integral unit, and using a combined value of the overall 
heat transmission coefficient in the heat loss equation: 
H = Ac X Ucom X (ti - to) 
The values of U00m can be derived from an equation similar to that in 
Appendix Section (f), or from Fig. 9 in the Appendix. 
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The combined coefficients for a typical roof and ceiling construc-
tion for varying thicknesses of insulation applied to the ceiling joists 
are shown in Fig. 6 (see Appendix Section (g) ) . As in the case of Fig. 
2, approximately 2 in. of insulation are required to reduce the combined 
coefficient of roof and ceiling to a value less than 0.1 B.t.u. per hr. per 
sq. ft. per deg. F. The values shown in Figs. 2, 5, and 6 indicate that 
substantial reductions in the heat transmission coefficient can be 
effected by the use of adequate insulation. 
6. Effectiveness of Ceiling or Roof as Location for Insulation.-
"In general, unless the attic space is to be used for living quarters, 
insulation should be applied to the ceiling joists rather than to the 
roof rafters, as can be shown by two examples.-A comparison of the 
values of the combined coefficients of roof and ceiling will indicate 
whether 
(a) Y:i in. of rigid insulation applied to a plain unfloored ceiling 
will be more effective than 7fi in. of rigid insulation applied to the 
rafters of a normal roof construction, 
(b) 2 in. of fill insulation applied to an unfloored ceiling will be 
more effective than 2 in. of fill insulation applied to the roof rafters."4 
The numerical examples used in the solution of these two cases 
are given in Appendix Section (h). 
In case (a) in which the original ceiling had a higher U coefficient 
than the original roof, the heat loss was less when the Y:i-in. rigid 
insulation was applied to the ceiling .(Ucom = 0.188 B.t.u.) than when 
the 7fi in. rigid insulation was applied to the roof rafters (Ucom = 0.202 
B.t.u.). Due to the fact that the ceiling area is smaller than the roof 
area, a smaller amount of the same thickness of insulation was applied 
to the ceiling as compared with that applied to the roof. In example 
(b) the results were substantially in agreement with those of example 
(a). The combined. coefficient when the 2 in. of fill insulation wa~ 
applied to the unfloored ceiling (Ucom = 0.097 B.t.u.) was less than that 
when the 2 in. of fill insulation was applied to the roof rafters (Ucom = 
0.110 B.t.u.). In this case 12 per cent less heat would be lost when the 
ceiling was insulated as compared with that lost when the roof was 
insulated, and this was accomplished with approximately 20 per cent 
less insulation. 
Therefore, for the same total amount of insulation applied, greater 
effectiveness can be obtained by placing it in the ceiling joists rather 
than in the attic rafters. A consideration of summer operating condi-
tions, in which attics are commonly ventilated and the attic air tem-
peratures are extremely high, tends to confirm this recommendation. 
• 
~-· 
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Fm. 7. CALCULATED HEAT LossEs FOR TYPICAL RESIDENCE 
7. Calculated Reduction in Heat Loss for Typical Residence.-
Calculated values of the reduction in heat loss for a "typical" residence 
structure have been reproduced from a previous paper8 in which com-
plete details of the calculations are presented. For these calculations · 
it was assumed that the total heat loss9 for the "typical" house during 
maximum weather conditions was 100 000 B.t.u. per hour, composed of 
a roof loss of 16 200 B.t.u. per hr., 
a wall loss of 27 000 B.t.u. per hr., 
a glass loss of 25 800 B.t.u. per hr., 
an infiltration loss of 24 600 B.t.u. per hr., 
a door loss of 4300 B.t.u. per hr., and 
a floor loss of 2100 B.t.u. per hr. 
Furthermore the overall heat transmission coefficients for the umn-
sulated walls and ceilings were assumed to be respectively 0.245 and .. 
0.62 B.t.u. per hr. per sq. ft. per deg. F. The reductions in heat loss 
effected by the addition of 1, 2, 3, and 3% in. of insulation having a 
thermal conductivity of 0.27 B.t.u. per hr. per sq. ft. per deg. F. per in. 
of thickness are shown in Fig. 7. · 
In the case of the wall insulation, a reduction in heat loss amount-
ing to 17.4 per cent (case c) was obtained when a thickness of 2 in. of 
insulation was used in the studding space. Similarly, in the case of the . 
ceiling insulation, a reduction in heat loss amounting to 13.3 per cent 
(case g) was obtained when a thickness of 2 in. of insulation was used 
in the joist space. It should be recognized that the amount of insula-
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tion required for insulating the ceiling is materially less than that for 
insulating the sidewalls of the house. Hence, if a choice exists between 
insulating the wall or insulating the ceiling, the latter should be 
selected since the returns are greatest in proportion to the investment 
required. When a layer of insulation 2 in. thick was added to both the 
sidewalls and ceilings, the total reduction .in heat loss from the house 
amounted to 30.7 per cent. A reduction in the heat loss from the 
structure amounting to 62.0 per cent was obtained when both the 
sidewalls and ceilings were insulated with a 2 in. thickness of insula-
tion, and the house was completely equipped with storm windows and 
storm doors. 
It is probable that these calculated reductions in heat loss, which 
were based on maximum load conditions, may not exactly correspond 
to the fuel saving obtainable under ordinary weather conditions. The 
calculated values should only be regarded as maximum savings obtain-
able under conditions of full load. On the other hand, the calculated 
values for reduction of heat loss take no account of the change in 
comfort conditions resulting from the increases in temperature of the 
wall surfaces exposed to the occupant, the increase in air temperature 
in the living zone, and the reduction of drafts. Neither do they take 
into account the increase in comfort conditions in the summer resulting 
from reduced house temperature. 
8. Surface Temperatures of Walls and Ceiling.-Cold walls, ceil-
ings, and glass surfaces absorb heat radiated from the human body 
and tend to produce a sensation of coldness. In fact, in order to 
maintain an equal sensation of warmth the indoor air temperature 
should be increased as the surface temperatures of the walls, ceiling, 
and glass are decreased. 
The surface temperatures of the wall and ceiling facing the occu-
pant of a room can be calculated, as shown in Appendix Section (i), for 
various thicknesses of insulation applied to the wall and ceiling. These 
calculations are based on 70 deg. F. indoor air temperature and 0 deg. 
F. outdoor air temperature. As shown in Fig. 8, the inner surface 
temperature of the uninsulated wall is 59.6 deg. F., or 10.4 deg. F. 
colder than the room air. The application of 2 in. of fill insulation will 
result in an inner surface temperature of 66.3 deg. F., or only 3.7 deg. 
F. colder than the room air. 
Houghten and MeDermott10 have determined from tests made at 
the Laboratory of the American Society of Heating and Ventilating 
Engineers the cooling effects of a room having three cold walls as com-
pared with those of a room having uniform wall and air temperatures 
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(see Appendix Section (j) and Table 6). For example, as shown in the 
lower part of Fig. 8, a room having three cold walls with a surface 
temperature of 59.6 deg. F. required an increase in air temperature of 
2.6 deg. F. in order to produce the same sensation of warmth as that 
of a room with walls and air at a uniform temperature of 70 deg. F. 
The application of 2 in. of fill insulation to the wall requires an in-
crease in air temperature of only 0.9 deg. F. Hence, for the same air 
temperature, a room having an adequately insulated wall will result 
in more comfort. 
The lower surface temperatures of ceilings, both floored and un-
fioored above it, arc also shown in the top part of Fig. 8. For all 
practical purposes the curve shown in the lower part of Fig. 8 may be 
considered as applying not only to rooms having three cold walls, but 
also to rooms having two cold_ walls and a cold ceiling. 
Although the values shown in Fig. 8 are based on zero weather 
outdoors, the results also apply to a lesser extent to milder weather 
conditions. Since inner glass surfaces are also materially colder than 
the room air temperature this discussion applies equally well to the 
effectiveness of storm sash in increasing comfort conditions. 
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TABLE 4 
CALCULATED VALUES FOR COMPONENTS OF COOLING LOAD 
No Insulation Used• 
Item 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Source of Heat Gain 
Walls, not exposed to sun .•..... 
Walls, exposed to sun .......... . 
Windows, not exposed to sun . .. . 
Windows, exposed to sun . ...... . 
Ceiling ....................... . 
Floor ....................... .. 
Ventilation ................... . 
Occupancy ................... . 
Motors ....................... . 
Lights ....................... . 
Heat Gain 
B.t.u. per hr. 
9080 
3460 
6740 
3120 
9050 
-1390 
4500 
1600 
1200 
0 
Totals. : . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 360 B.t.u. 
per hr. 
Reduction = 35.3 per cent 
Per Cent of 
Cooling Load 
24.3 
9.3 
18.0 
8.4 
24.2 
-3.7 
12.0 
4.3 
3.2 
0.0 
100.0 
•Assumed no insulation used (Data from U. of I. Eng. Exp. Sta. Bulletin 305) fAssumed sufficient insulation used to reduce Uw and U, to 0.1 
Assumed 
Insulation U sedf 
Heat Gain, 
B.t.u. per hr. 
4503 
1384 
6740 
3120 
2508 
-1390 
4500 
1600 
1200 
0 
24 165 B.t.u. 
per hr. 
Furthermore, the use of effective insulation and storm sash, both 
of which increase the inner surface temperature, will probably also 
result in warmer air circulating over the surfaces, and hence in warmer 
air in the lower part of the living zone. 
9. Surface Temperatures of Concrete Floors.-Concrcte floors laid 
directly on the ground without an intervening air space transmit heat 
readily through the floor with the result that the upper surface tem-
perature of the floor is within a few degrees of the ground temperature. 
The calculations shown in Appendix Section (k) indicate that for a 
ground temperature of 50 deg. F. the upper surface temperature of a 
4 in. concrete slab will be 55.3 deg. F. Floor surface temperatures of 
such values may be decidedly undesirable in much-used living 
quarters. Conditions can be improved as shown in Fig. 10 by pro-
viding a layer of cinder concrete below the concrete floor, by adding 
some form of rigid insulation between the cinder concrete and stone 
concrete, or by placing on top of the concrete slab a wood flooring. 
10. Insulation Effect under Sumnier Conditions.-Experimental 
data on the effectiveness of varying amounts of insulation in reducing 
the flow of heat from the outdoors to indoors under summer conditions 
are meager. In fact, on account of the cyclical nature of the temper-
ature variation of the outdoor air, the effects of heat storage, the effects 
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of solar radiation, and thermal lag, the problem is a most complicated 
one.10 The following discussion based upon calculated values obtained 
from tests conducted in the Research Residence, therefore, should be 
considered as indicative of the general tendency rather than of specific 
results. 
The calculated values of the ten component items of the cooling 
load shown in Table 4 have been reproduced11 from Engineering Ex-
periment Station Bulletin 305. "In this particular case practically one-
quarter of the calculated cooling load may be attributed to the heat 
transmission through the walls which were not exposed to the sun 
(Item 1), and approximately one-tenth to the heat transmission 
through walls which were exposed to the sun (Item 2). That is, 
approximately one-third of the total load may be attributed to the 
heat transmission through the walls alone ..... The amount of heat 
transmitted through the ceiling (Item 5) is exceedingly large, due 
not only to the relatively high coefficient of heat transmission, but also 
to the very large temperature difference that exists between the attic 
space and the indoor air."11 
As shown in Appendix Section (1) if by the addition of approxi-
mately 2 in. of fill insulation the overall coefficient, U, of heat trans-
mission for both wall and ceiling could be reduced to 0.1 B.t.u. per hr. 
per sq. ft. per deg. F., the calculated .heat gain of the house could be 
reduced from 37 360 B.t.u. per hr. to 24 165 B.t.u. per hr., or a 
reduction amounting to 35.3 per cent. 
In addition, as indicated from unpublished data obtained during 
tests conducted in the summer of 1938, the time lag for the passage 
of heat through the walls would be increased, so that the cooling load 
would be distributed more uniformly with respect to the time of day. 
Also these tests made under actual service conditions have indicated 
that the inner surface temperature of the walls facing the occupant did 
not attain as high a temperature when the walls were well insulated as 
when no insulation was used. Under summer conditions the mainte-
nance of cooler wall surfaces will result in more comfortable conditions 
indoors, since less heat will be radiated from the wall surfaces to the 
occupant. Hence from the standpoint of the reduction of heat gain, and 
from the probable increase in comfort resulting from cooler rooms 
and cooler wall surfaces, the use of adequate amounts of insulation 
in the wall and ceiling should be given serious consideration. Further-
more, as indicated by the example showing the reduction in the calcu-
lated cooling load, the use of artificial means of cooling may under 
certain conditions become economically feasible to the home-owner. 
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11. Summary.-
( 1) The relative effectiveness of two types of insulations should be 
based on a comparison of the conductance of heat transmitted through 
the actual thickness of material as installed. Conductivity values 
based on an inch thickness may be misleading when two thicknesses 
of insulation are under consideration. 
(2) The actual reduction in the heat loss effected by adding insu-
lation to a wall or ceiling can be determined. only from the overall 
coefficient of heat transmission for the entire wall or ceiling. 
(3) An arbitrary classification of heat barriers has been suggested, 
as follows: 
Overall U Value 
Excellent heat barrier ................ 0.1 B.t.u. or less 
Good heat barrier .................... From 0.1 to 0.2 B.t.u. 
Fair heat barrier ..................... From 0.2 to 0.3 B.t.u. 
Poor heat barrier .................... Over 0.30 B.t.u. 
( 4) The minimum thickness of insulation required for adequate 
protection (U value equal to 0.1 B.t.u. or less) of a typical wall or 
ceiling is approximately 2 in. 
(5) Two curtains of metallic foil insulation placed % in. apart in 
an air space give an insulating effect equivalent to approximately 1.8 
in. of fill insulation. 
(6) In calculating the heat transmitted through the ceiling it is 
suggested that either of the following two methods be used: 
(a) Heat transmitted through ceiling alone 
He = Areac X Uceiiin 11 X (tin - tattic) 
in which tattle can be estimated from Table 5 
(b) Heat transmitted through ceiling and roof structure 
i:o which Ucom can be determined from Fig. 9 
(7) Unless the. attic space is to be used for living quarters, insula-
tion should be applied to the ceiling joists rather than to the roof 
rafters. 
(8) If a choice exists between insulating the walls or the ceiling, 
the latter should be selected since the returns are greatest in propor-
tion to the investment required. 
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(9) "It should be recognized that the return on the investment, 
whether that investment consists of storm sash, insulation, or any 
other fuel-saving device, depends not only on such factors as the cost 
of fuel, the cost of the heating equipment, and the severity of the 
weather, but also on whether the conservation measure is planned 
before the house is built or is adopted at a later date. In fact, the 
greatest returns on the investment are obtained when the conservation 
measures are planned before the house is built, and the cost of the 
investment is partially offset by the decrease in cost of the heating 
equipment of the house."1 
(10) The application of adequate insulation to a wall or ceiling 
will result in an increase in the surface temperature of the wall or 
ceiling, and hence will result in more comfortable conditions in the 
room. 
(11) Concrete floors placed directly on the ground are character-
ized by low surface temperatures. Such floors in much-used living 
quarters should be so. constructed or protected that the heat trans-
mission through the floor is diminished. 
(12) The application of adequate amounts of insulation to reduce 
the heat gain through the walls and ceiling under summer conditions 
should be given serious consideration by the home-owner. 
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7. "Radiation and Convection Across Air Spaces in Frame Construction" by 
G. B. Wilkes and C. M. F. Peterson, Journal Section A.S.H.V.E. 
August, 1937, pp. 505-510. 
8. "Factors Affecting Fuel Saving" by S. Konzo, Univ. of III. Eng. Exp. Sta. Cir-
cular 26, pp. 100-117. 
9. Discussion by C. C. Segeler in the A.S.H.V.E. Transactions 1928, Vol. 24, p. 
473. The "percentages of heat loss" were average values obtained from 
an analysis of 200 homes heated with gas fuel. 
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10 .. "Cold Walls and Their Relation to the Feeling of Warmth." F. C. Houghten 
and Paul McDermott, Transactions A.S.H.V.E., Vol. 29, 1933, pp. 83-93. 
11. "Summer Cooling in the Warm-Air Heating Research Residence with Cold 
Water" by A. P. Kratz, S. Konzo, M. K. Fahnestock, and E. L. Broder- .~ 
ick. Univ. of Ill. Eng. Exp. Sta. Bull. 305, pp. 50-61. 
Additional references of general interest that deal with insulation 
are: 
"The Insulation of New and Old Houses" by G. D. Mallory, Department of the 
Interior, Dominion Fuel Board, No. 15, 1932. 
"House Insulation"-National Committee on Wood Utilization, U.S. Department 
of Commerce, 1931. 
"Insulation for House Construction" by J. D. Hoffman, Purdue University, 
Extension series No. 31, Vol. 18, July 1933, No. 4. 
"Thermal Insulation of Buildings" American Architect Reference Data, No. 11, 
1934. 
APPENDIX 
EQUATIONS OF HEAT TRANSMISSION 
(a) Notation Used in Equations in Text.-
C, Gp, C,;, C. Conductance, or B.t.u. transmitted per hr. 
per sq. ft. per deg. F. difference in tem-
perature from surface to surface for the 
thickness as stated. The subscripts p, a, 
and s refer respectively to plaster, air 
space, and sheathing. 
k Conductivity, or B.t.u. transmitted per hr. 
per sq. ft. per deg. F. difference in tem-
perature from surface to surface per inch 
of thickness. 
x = Thickness of material in inches. In the 
equations given in Appendix Sections (b), 
(d), and (e) the x refers to the thickness of 
the applied insulation. 
A, Aw, Ac, A, = Area of surface in sq. ft. The subscripts w, c, 
and r refer respectively to wall, ceiling, 
and roof. 
U, Uw, Uc, U,, Ucom Overall coefficient of heat transmission or 
B.t.u. transmitted per hr. per sq. ft. per 
deg. F. difference in temperature from air 
to air. The subscripts w, c, r, and com 
refer to wall, ceiling, roof, and combined 
ceiling-roof respectively. 
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H, H w, He = Heat transmitted through structure or ma-
terial in B.t.u. per hr. per deg. F. 
t, t;, ta, ta, t, = Temperature in deg. F. The subscripts i, o, 
a, and s refer respectively to indoor air, 
outdoor air, attic air, and surface. 
fi, fa = Film coefficients of heat transmission or 
B.t.u. transmitted per hr. per sq. ft. per 
deg. F. temperature difference from surface 
to air. The subscripts i and o refer to inner 
film (exposed to room air) and outer film 
(exposed to outdoor air). 
(b) Relation between Conductance and Conductivity.-The con-
ductance is equal to the conductivity divided by the thickness, or 
k c =-
x 
(c) Determination of Overall Coefficient of Heat Transmission, U.-
1 u = -~~~~~~~~~~~~~~ 
1 X1 X2 1 1 1 
-+-+-+-+-+-f1 k1 kz Cr C2 fa 
( d) Insulation A pp lied to Typical W all.-A typical wall was con-
sidered as having a coefficient of heat transmission of 0.245 B.t.u. 
per hr. per sq. ft. per deg. F. 
1 Uw = ~~~~~~~~~~~~~~~-
1 1 1 x 1 1 
-+-+-+-+-+-
.(; Gp Ca k C. fa 
1 1 
1 1 1 x 1 1 
-+-+-+-+-+-1.65 2.5 1.1 0.27 0.5 6.0 
x 
4.09+-
0.27 
(e) Insulation Applied to Typical Ceiling.-A typical ceiling was 
considered as having a coefficient of heat transmission of 0.620 B.t.u. 
(no flooring over ceiling joists) and 0.286 B.t.u. (one inch flooring 
over ceiling joists). 
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TABLE 5 
ASSUMED ATrIC TEMPERATURES IN DEG. F. 
Ceiling Attic Temperature, la 
Coefficient when outdoor temperature
 is 
u. 
B.t.u. per hr. 0 deg. F. -10 deg. F. I 
-20 deg. F. 
., 0.6 35 30 25 0.5 . 32 26 . 21 
0.4 28 22 15 
0.3 23 16 9 
0.2 17 10 2 
0.1 10 1 -8 
Notes: Calculations based on ceiling temperature of 75 deg. 
F., roof pitch = ~. roof construction having U value of 0.56 
B.t.u. per hr., no allowance for ends of roof, window leakage in 
attic space, or heating effect of chimneys. 
No flooring over joists 
1 
1 1 x 1 
-+-+-+-f1 cp k f1 
1 1 
1 1 x 1 
-+-+-+-· 
1.65 2.5 0.27 1.65 
x 
1.612+-
0.27 
1-in. flooring over joists 
1 
1 1 X 1 · Xf 
-+-+-+-+-f1 · Cp k Ca k1 
1 1 
1 1 x 1 0. 78 
-+-+-· +-. -+-
1.65 2.5 0.27 1.1 0.80 
x 
3.497 +-
. . 0.27 
These coefficients are to be used in the equation 
. .. 
in which 
Ac is the area of ceiling surface, in sq. ft. 
ti is the temperature of air near ceiling, in deg.-F.,-and 
ta is the temperature of the attic, in deg. F. 
,~ 
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Frn. 9. COMBINED COEFFICIENTS FOR CEILING AND RooF 
It should be noted that in using this equation the value of ta must 
be estimated. Estimated attic temperatures for typical roof and 
ceiling construction are presented in Table 5. 
(f) Combined Coefficient of Roof and Ceiling.-"Another method 
of calculating the heat loss through the ceiling (and rpof) is that in 
which the ceiling and roof structure are considered as an integral 
unit, and the heat transfer coefficient, U00 m, is a combined coefficient. 
In this case the heat loss equation is 
H = Ucom Ac (tc - to) 
. in which 
Ac is the area of ceiling surface, in sq. ft. 
tc is the temperature of air near ceiling, in deg. F., and 
to is the temperature of outdoor air, in deg. F. 
The values of Ucom may be obtained from the following equation, 
and is shown in graphical form in Fig. 9. · 
in which 
Ur Uc 
Ucom = -----
Ur+ Uc;n 
Ur and Uc are the coefficients for roof and ceiling, and 
n is the ratio of roof area to ceiling area."4 . 
The values shown in Fig. 9 are based on n = 1.2. 
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(g) Combined Coefficient of Heat Transmission of Ceiling and Roof 
with Various Thicknesses of Insulation Applied to Ceiling Joists.___:_ 
The values shown in Fig. 6 were calculated from an equation similar 
to that in Section (f), except that the end effects of the roof were 
· also included. 
Uc(nU, + n'Uw) Ucom = --------
. Uc + (nU, + n'Uw) in which 
n = ratio of roof area to ceiling area, 
n' = ratio of end wall area in roof to ceiling area, 
Uc, U,, Uw are the coefficients for ceiling, roof and end wall 
in roof, respectively. 
A typical wall was assumed having roof pitch of Ya, n = 1.2, 
n' = 0.25, U, = 0.56, and Uw = 0.36. Ucom simplifies to 
0.762Uc Ucom =-----
0.762 + u. 
The values of Uc in the equation for various thicknesses of insulation 
applied to the ceiling joists were obtained from Fig. 5. The values 
of Ucom were then plotted as shown in Fig. 6. 
(h) Insula~ion of Ceiling or Roof.-(See Fig. 9.) 
Example (a) 
Given: 
(1) Ceiling of metal lath and plaster, Uc = 0.69 
(2) Same ceiling with 72 in. rigid insulation, U. = 0.26 (3) Roof of asphalt shingles on sheathing, U, = 0.56 
(4) Same roof with 72 in. rigid insulation, U, = 0.238 
(5) Roof pitch = Ya, ratio of roof area to ceiling area = 1.2 
Solution: 
Combined coefficient of ceiling and roof for ceiling no. 1 and 
roof no. 4 = 0.202 B.t.u. per hr. per sq. ft. per deg. F. 
Same for ceiling no. 2 and roof no. 3 = 0.188 B.t.u. per hr. 
per sq. ft. per deg. F. 
Example (b) 
Given: 
Same conditions as in Example (a) except that 2 in. of fill 
insulation was applied separately to the unfloored ceiling and 
to the roof. 
· 
Solution: 
The combined coefficients were 0.110 B.t.u. and 0.097 B.t.u., 
respectively, when the roof and ceiling were insulated. 
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TABLE 6 
TRUE COOLING EFFECT OF THREE COLD w ALLS 
Wall Temperature 
deg. F .. 
70 
65 
60 
55 
50 
45 
Cooling Effect 
deg. F. dry-bulb 
0 
1.2 
2.5 
4.0 
5.8 
8.9 
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(i) Surface Temperature of Inside Wall and Ceiling.-The heat 
transmitted through the entire wall or ceiling is equal to the heat 
transmitted through the inner film from the surface of the wall or 
ceiling to the indoor air. That is 
in which t;, to, and t. are temperatures of indoor air, outdoor· air, and 
inside surface of wall or ceiling, respectively. 
For an indoor air temperature of 70 deg. F., and an outdoor air 
temperature of 0 deg. F., the equation becomes 
Surrace 
Temperature: 
5S.3°F. 
U=l.065 
U=a35 
UA(70 - O) = 1.65A(70 - t.), or 
70(1.65 - U) 
t. 
1.65 
U=0.98 
~ 6Z.5°F.;; Floorlng.? 
70 - 42.42U 
59.0°F.: 
U=0.66 
83.0°F.: 
"'''!.::•:concrete :i .! 
.J_ ':,"f?iqid instihii . 
t ~f?~~;i~~~c-(.?.f 
t/=O.Z'Z 
"' Linoleum 
'l)i. 59.5°F.-
u=a6o 
U=O.!Z . . · 
CCT!ct.1/ated surrcrce temperatt.1res .based oi7 air 'al 65 deq. F. 
Assumed femperatt1re or grot.1nd surf"qce = 50 o'eq .. F. 
FIG. 10. SURFACE TEMPERATURES OF CONCRETE GROUND FLOOR 
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The values of U w for the wall were obtained from Fig. 2, and 
those for the ceiling, Uc, were obtained from Fig. 6. 
(j) True Cooling Effect of Three Cold W alls.-The cooling effect 
of cold walls was determined by Houghten and McDermott10 in 
the Laboratories of the A.S.H.V.E. by comparison with the sensa-
tions in a room of uniform wall and air temperatures. The values 
shown in Table 6 were for 70 deg. F. dry-bulb temperature in the 
warm-wall room, and the temperatures indicated were obtained by 
means of shielded thermometers. 
(k) Surface Temperatures of Concrete Slab Floors on Ground.-
A four-inch concrete slab placed directly on the ground conducts 
heat quite readily. The overall coefficient of heat transmission from 
room air to lower slab.surface is 
1 1 u J = = -- = 1.065 1 4 0.939 
-+-1.65 12.0 
For the general case, the equations of heat transmission are 
H = U1(65 - lg) = 1.65(65 - t,) 
in which 
65 is.the air temperature above floor, 
t11 is the ground temperature adjacent to concrete slab, 
1.65 is the film coefficient on upper surface, and 
t, is the upper surface temperature of the concrete slab. 
T~e equation simplifies to 
U1(65 - tu) t, = 65 - -----
1.65 
When lg = 50.0 deg. F. and U1 = 1.065, t, = 55.3 deg. F. (See Fig. 10.) 
· 
(1) Reduction in Calculated Cooling Load (Based on Research 
Residence Date*).-It is assumed that insulation could be applied on 
walls and ceiling, and that the U values could be reduced to 0.1 
B.t.u. per hr. per ~q. ft. per deg. F. 
*Univ. of III. Eng. Exp. Sta. Bui. 305, pp, 80-85. 
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Uninsulated Case 
u 
Frame .............. 0.25 
Chimney ............ 0.24 
Partition ............ 0.34 
Frame .............. 0.25 
Ceilings ............. 0.24 
Ceilings ............. 0.62 
Ceilings ............. 0.19 
Sub total. ..................... 
Remaining items ............... 
Total. ..................... : .. 
Reduction in cooling load 
37 360 - 24 165 
37 360 
x 100 
Assumed Insulated Case 
II u II 
7627 0.10 3050 
657 .... 657 
796 .... 796 
3460 0.10 1384 
2695 0.10 1123 
5370 0.10 866 
985 0.10 519 
21 590 8 395 
15 770 15 770 
37 360 B.t.u. 24 165 B.t.u. 
per hr. per hr. 
13 195 
--- X 100 = 35.3 per cent. 
37 360 
VIII. CONDENSATION PROBLEMS IN MODERN BUILDINGS 
L. v. TEESDALE* 
The conditions under which condensation might develop within 
. walls or in attics of buildings and methods of protection or prevention 
should be understood by anyone interested in winter air conditioning, 
particularly for buildings north of the Ohio River. The condensation 
. problem is not new, having always been rather common in barns dur-
ing severe winter weather, but only in recent years has it become a 
'general problem in houses. \Vater stains on walls and ceilings are 
·the common signs of this condensation but often the damage is more 
serious. Stain and decay in sheathing, studs, and roof members, 
loosened 'plaster, outside paint failures on siding, door and window 
trim, and efflorescence on brick and stone are frequently the result 
of this condensation. The question naturally arises as to why conden-
sation should be more of a problem today than it used to be. Strange 
as it may seem, the cause is found in certain improvements intended 
to increase the comfort of the occupants and decrease operating ex-
penses. Such improvements include thermal insulation, weather strips, 
storm sash, calking around windows and doors, and other means of. 
decreasing heat loss and wind infiltration. Because of the tighter build-
ing construction the normal relative humidity within a house so con-
structed will be higher than in houses less tightly constructed. In 
addition, as a health and comfort measure; modern homes are usually 
provided with some means of increasing the normal humidity either 
through the heating system or by some auxiliary method. These 
· worthy improvements in construction and equipment tha~ increase 
comfort and health and decrease operating expenses arc the factors 
mainly responsible for the increase in the condensation problem. To 
enjoy the advantages of such improvements without suffering the 
disadvantages certain protective measures should be provided. 
Most of the trouble occurs in homes where the relative humidity is 
maintained at over 40 per cent, in which case there may be evidence 
of condensation after every cold snap. On the other hand, many 
homes only show evidence of condensation during or after periods of 
excessively low temperatures, such as occur once in three· or four 
years. 
At low temperature, for example, outdoor conditions at zero, air 
*Senior Engineer, United States Department of Agriculture Forest Service, Forest .Products Laboratory, l\.1adison, 'Visconsin. 
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will hold very little water vapor and the vapor pressure is low. Water 
vapor is added to the atmosphere within a home from many sources, 
such as cooking, laundry work,· bathing, respiration, and. evaporation 
from plants. The vapor pressure inside a house is consequently greater 
than that outside. 
Further, the normal vapor pressure may be supplemented by 
evaporating water in a furnace pan, water containers on radiators, or 
some similar system, thus increasing the vapor pressure. However, 
there is a constant outleakage of water vapor, the amount depending 
upon the tightness of windows and doors, the permeability of wall 
materials, and upon other factors. Our older types of homes usually 
were so constructed that the vapor was not retained and low humidities 
prevailed in cold weather. Where the construction is of a type that 
minimizes infiltration and resists vapor loss the vapor pressure inside 
will be proportionately higher than in houses less tightly constructed. 
Winter air conditioning means, among other things, maintaining 
a humidity in the home at some established value intended to be better 
suited to health and comfort than the normal humidity just described. 
The humidity may be raised automatically with a hygrostat in which 
case the minimum humidity will be relatively constant. 
The relative humidity in homes varies widely, depending upon a 
variety of factors, principally outdoor temperatures. The average 
humidity for varying outside temperatures as determined from the 
average moisture content of wood samples is illustrated on Fig. 1. 
This illustrates how the relative humidity or vapor pressure inside of 
the house varies more or less directly with the temperature outside. 
Also that where automatic humidity control capable only of raising 
the humidity is used the minimum humidity is fixed during cold 
weather, but humidity may be higher than the minimum during periods 
when outside temperatures are mild. The amount of water evapo-
rated from furnace pans in very mild weather is small, but as the 
outdoor temperature drops the amount increases. For example, in 
one case only about 1 quart is used per 24 hours when the outdoor 
temperatures average 45 deg. F. but 27{i gallons are used when outdoor 
temperatures are about zero. The amount required to maintain a fixed 
minimum humidity of 40 per cent at zero as illustrated in Fig. 1 would 
be very much greater. 
To understand the phenomenon of condensation requires a knowl-
edge of the physical laws that apply. A certain amount of water 
vapor is always present in the atmosphere. The maximum amount of 
water vapor that can be present depends upon the temperature of the 
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Frn. 1. RELATION OF NORMAL HUMIDITY "\V1Tn1N A HousE To OuTSIDE TEMPERATURE 
air, being greater at higher temperatures. By definition, air that is 
completely saturated with water vapor is at its dewpoint temperature, 
and its relative humidity is 100 per cent. Air not completely saturated 
with water vapor is above its dewpoint temperature and its relative 
humidity is less than 100 per ~ent. Adding water vapor to unsaturated 
air without changing the temperature of the air will increase the 
relative humidity and raise the dewpoint temperature. Removing 
water vapor will have the opposite effects. Raising the temperature 
of air without changing the amount of water vapor in it will decrease 
its relative humidity. Lowering the temperature without changing the 
amount of water vapor will increase the· relative humidity till the 
dcwpoint temperature and saturation are reached. Further lowering 
of the temperature will cause progressive condensation of water vapor 
from the air. 
The use of relative humidity as a measure of the amount of water 
vapor present in a given atmosphere is not. always satisfactory be-
cause this relationship varies with the temperature. Hence it is often 
more practical to use the vapor pressure of the water vapor for this 
'. 
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purpose, since it is· a direct measure of the amount of vapor present 
in the air. This property is commonly expressed in terms of inches 
of mercury or pounds per square inch. 
Condensation will take place on a solid surface below the dewpoint 
temperature as, for example, the glass surface of a window. Con-
densation can also take place on materials permeable to vapor if the 
surface be below the dewpoint temperature. 
If adjacent surfaces in a comparatively confined space are at 
different temperatures, all below the dewpoint of the atmosphere in 
the space, the surface at the lowest temperature may, through con-
densation, reduce the dewpoint to its own temperature. The temper-
atures of the other adjacent surfaces will then be above the new dew-
point, and therefore incapable of condensing moisture. Eventually, 
under these conditions, all of the condensation would be on the coldest 
surface. 
Vapor may pass through a material composed of a single thickness 
of homogeneous but permeable substance having one surface either 
above or below the dewpoint temperature of the atmosphere on the 
warm side and the other at a lower vapor pressure. 
The movement of water vapor is largely independent of air move~ 
ment and no general circulation of air is necessary to carry the vapor 
from its source to the condensing surface. Vapor actually moves by 
diffusion from points of high vapor pressure to zones of lower pressures. 
Most building materials, including plaster, wood, concrete, most 
kinds of brick, and various building papers, are permeable to vapor. 
The rate of vapor movement from one point to another is more or less 
proportional. to the difference in vapor pressure between the points, 
and inversely proportional to the resistance of the interposed materials. 
Walls of conventional house construction are composed of a variety 
of materials varying in permeability. Also the temperature gradients 
through a wall drop step by step according to the thermal properties 
of the material and the difference in temperature between the warm 
interior and the cold exterior. Should the temperature at any point 
within the wall, ·as for example, at the inner face of the sheathing, 
fall below the dewpoint temperature of the room side· of the wall 
condensation would take place at that point. 
A house wall typical of many insulated forms of construction is 
illustrated in Fig. 2A. This wall has lath and plaster on the inside 
and sheathing, paper, and bevel siding on the outside. Fill insulation 
occupies the entire stud space. Indoor conditions are assumed to be: 
Temperature 70 deg. F. and relative humidity 40 per cent; the dew-
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Fm. 2. SECTION OF CONVENTIONAL FRAME WALL WITH FILL INSULATION, SHOWING 
TEMPERATURE, DEWPOINT, AND RELATIVE: HUMIDITY GRADIENTS WITHOUT 
VAPOR BARRIER (A) AND WITH VAPOR BARRIER (B) 
point for these conditions is 44 deg. F. and the water vapor pressure 
0.295 in. of mercury. Temperature gradients through the wall are 
shown in solid black for three outdoor temperatures, namely 20 deg. F., 
0 deg. F., and -20 deg. F. Actual gradients in any individual wall of 
this type may be expected to be very similar to these. Much work has 
been done on this subject by many agencies and the facts are well 
established. Much less work has been done on vapor movement 
through walls and associated phenomena and we are much less sure of 
our ground. However, currently collected data indicate that, under the 
assumed conditions (outside temperature 0 deg. F.), the temperature 
of the inner face of the sheathing very largely controls the dewpoint 
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within the entire stud space. It appears that condensation upon this 
face, which is well below the dewpoint of the atmosphere in the room, 
serves to lower the dewpoint within the stud space. Just how much 
lowering takes place we do not know for sure. It seems apparent, 
however, that at.· the boundary conditions the dewpoint temperature 
throughout the stud space would be the temperature of the inner face 
of the sheathing .. The relative humidity gradient corresponding to 
the illustrated dewpoint gradient is shown as a dot and dash line in 
the figure. 
The amount of condensation that can develop within a wall 
depends upon the resistance of intervening materials to vapor 
transfusion, differences in vapor pressure, and time. Ordinary plaster 
and lath have comparatively low resistance. If the plaster is finished 
with paint the resistance is increased somewhat. High indoor vapor 
pressures are associated with high relative humidities and high tem-
peratures. Low outdoor vapor pressures always exist at low tempera-
tures, since even the saturate vapor pressures are low at low tempera-
tures. Weather conditions are not static and the duration of critical 
conditions varies widely with the time of year and the severity of the 
weather. During long-continued cold spells, such as the six weeks low 
temperature period in January and February, 1936, the condensation 
problem becomes acute, a large number of homes being affected. In 
the winter of 1937-38 there was only one day at Madison, Wis., when 
the temperature was below zero, though there were about 90 days in 
which it averaged below 20 deg. F. Though the number of homes 
affected by condensation would be less during the mild winter condi-
tions, many cases were reported. Where information was available it 
appears that the minimum humidities in the affected houses exceeded 
35 per cent and generally were higher. 
In Fig. 2A we assumed a boundary condition in which the dew-
point temperature in the stud space was absolutely controlled by the 
temperature of the inner face of the sheathing, and there was a sharp 
drop in dewpoint temperature through the lath and plaster. The rate 
of vapor movement and the rate of condensation on the sheathing 
would be comparatively high on account of the low vapor resistance 
of lath and plaster. In Fig. 2B we have placed a vapor barrier 
between the studs and the lath. This barrier greatly reduces the rate 
of vapor movement through the wall, and thus very materially 
reduces the possibility of trouble from condensation. What actually 
happens to the vapor which finds its way through the barrier depends 
largely upon the vapor resistance of that part of the wall outside of 
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the studs. If, for instance, the sheathing paper be an excellent vapor 
barrier one may expect most of the vapor to condense on the sheathing 
or sheathing paper, just as it did under the conditions we selected for 
Fig. 2A. If, on the other hand, the vapor resistance of sheathing 
paper and siding be very low, most of the vapor may escape to the 
outside atmosphere without condensation. We have chosen to illus~ 
trate this condition in Fig. 2B by showing the dewpoint temperature 
(the dotted line) as always below the atmospheric temperature. It 
must be obvious that as close an approach as possible to this ideal 
condition is desirable from the moisture standpoint, and our present 
tentative recommendations call for high vapor resistance on the warm 
side of the wall, and low vapor resistance on the cold side. These 
recommendations will doubtless be modified in detail as we learn more 
about the whole subject and specially about the extent to which rain 
driven under the siding by the wind is a factor. 
Figure 3A shows the calculated temperature gradients through an 
uninsulated wall and Fig. 3B those through a wall having %-inch fiber 
board sheathing in place of wood sheathing. As the heat loss through 
walls of those types is greater than through walls containing fill 
insulation, the sheathing temperatures are higher than those shown on 
Fig. 2A, and consequently the vapor pressure differences are reduced 
accordingly. This in turn means that less condensation would occur 
at the same outside temperature in walls of these types than where 
fill insulation is used, other factors being alike. 
Tests have been made to determine the comparative vapor resist-
ance of various papers and wall materials used in building construc-
tion. Samples were sealed in copper pans containing water and ex-
posed in a room controlled at 80 deg. F. and 30 per cent relative 
humidity, and weighed regularly for 90 days or more. The values 
obtained after the rate of loss became constant were calculated on a 
basis of grains of moisture lost per square foot per hour. 
This is only a partial list of the materials tested up to the present 
time, and, as the tests are incomplete, it will be subject to change as 
required with further work. Many of the materials have been tested 
under actual exposure conditions in laboratory test-house wall panels. 
Figure 4 shows the moisture content of the sheathing in 3 test 
wall panels, differing only in type of vapor barrier used. These walls 
were of conventional frame construction, lath and plaster, stud space 
filled with rock wool, wood sheathing, asphalt impregnated and 
surface~coated sheathing paper and siding. Panel No. 1 had a vapor 
barrier made of aluminum foil mounted on paper; No. 2, asphalt 
CONFERENCE ON AIR CONDITIONING-1939 
0.300 
s::- 0.248 
~ 
::::. 0.204 
"' ~ 0.164 );;: 
"- 0.130 
<:> 
~ 0.103 
"" ~ 0.081 
";;:' 0.063 
. ~ 0.049 
~ 0.038 
C\.. 
"" 0.029 
<:. 
~ 0.022 
0.017 
85 <->- 1 
Bo ~-i'. 
<::; '/ 751t' 
70t---
[I 
65>---
60 
55 / \ 
«:' z..,50 
/ \ 
~ 45 
;:, 
K 40 ~ ~ 35 
~ \ / 
LL,\ v 
);;: 
~ 30 
25 
y 
' [/ ~ 
20 
15 
10 
5 
0 
-5 
-10 
/ 
/ \ 
/ I\ 
// \ ~ 
~ \ 
I\ 
/ [\ 
/ \ 
-15 
-20 '/ \ I'\ 
/'f3SIZ8·T. 
[.<'. 
A 
·;). 
.. ·: 
·-.. 
.).,:: 
··:.·· 
.... 
~~. ~·:; 
1:: 
:7·:: 
:;.'. ·.~. 
~ .. : : 
" 
'-::._: 
., 
.. 
:: " 
" 
·:f: 
"~ ·'. 
,- . 
,,,, 
:::·: 
·::. 
111 
~:·· I '~ 
'• 
:,;.I: I 
B 
Fm. 3. SECTION OF CONVENTIONAL FRAME WALL, SHOWING TEMPERATURE GRADIENT 
WITH Woon SHEATHING (A) AND WIT~ %-IN. FIBRE BOARD SHEATHING (B) . 
impregnated and surface-coated sheathing paper weighing 50 pounds 
per roll of 500 square feet; and No. 3 had no special barrier. Starting 
about November 1 the sheathing shows a gradual increase in moisture 
content for each type, most rapid where no barrier is used. Even with 
a barrier there is a definite pickup until in the case of No. 2 a 
moisture content of about 17 per cent is reached, indicating that the 
inflow of water vapor exceeds the outflow until a certain balance is 
9btained. After that time conditions were nearly static until the 
outside weather conditions moderated, and then the outflow exceeded 
the inflow. Conditions did not become static in the case of No. 3, the 
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Fm. 4. CuRvE SHOWING MOISTURE CONTENT OF Woon SHEATHING DURING THE 
WINTER OF 1937-38 IN LABORATORY TEST HousE, WITH AND 
WITHOUT VAPOR BARRIER 
moisture continuing to build up until th.e change in outside tem-
perature raised the sheathing temperature above the dewpoint. After 
that time No. 3 began to dry out. This particular panel was quite 
badly blue stained whereas the other two panels were clean and bright .. 
From these data· and other observations it appears that for conven-
tional frame walls with fill insulation the permeability of the vapor 
barrier should not exceed 0.600 grains per square foot per hour on a 
basis of the values given in Table 1 for houses where humidities are 
maintained at or about 40 per cent in normal winter weather having 
short periods of zero weather. Where exposed to extended periods of 
weather below zero the vapor barrier should have greater resistance. 
For walls having less insulation, less resistance is required in the 
vapor barrier, other factors being alike. However, enough data are 
not available at this time to establish values for all wall types. 
• 
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TABLE 1 
COMPARATIVE RESISTANCE OF VARIOUS MATERIALS TO VAPOR TRANSMISSION 
Material 
Foil s11rfaced. reflective insulation (double faced), ......................... . 
Roll roofing-smooth surface 40 to 65 lb. per roll 108 sq. ft ................ . 
Asphalt impregnated and surface coated sheathing paper glossy surfaced-
50 lb. per 500 sq. ft. roll ..•........................................... 
35 lb. per 500 sq. ft. roll ............................................. . 
Duplex or laminated papers 30-30-30 ..... , .............................. . 
Duplex or laminated papers 30-60-30 .................................... . 
Duplex papers reinforced, ............................................. . 
Duplex paper coated with metal oxides .................................. . 
Insulation backup paper, treated ....................................... . 
Gypsum lath with aluminum foil backing ....................... : ........ . 
Plaster-wood lath ••.................................................. 
Plaster-fiber board or gypsum lath .••..... , ........................... . 
Plaster-3 coats lead and oil. •.•........................................ 
Plaster-3 coats flat wall paint ......................................... . 
Plaster-2 coats aluminum paint ............. , ............ , ............ . 
Slaters felt .•......................... , . , ............................. . 
Plywood-).i in. Douglas fir, soy bean glue plain ......................... . 
2 coats asphalt paint ................................................ . 
2 coats aluminum paint ............................................. . 
~ in. 5-ply Douglas fir ................................................ . 
).i in. 3-ply Douglas fir, art. resin glue .••................................ 
~ in. 5-ply Douglas fir, art. resin glue .................................. . 
Insulating lath and sh~athing-board type ............................... . 
Insulating •heathing, surface coated .............• , . , ................... . 
%•in. compressed fiber board .......................................... . 
1 in. insulating cork blocks ............................................ . 
~ in. and 1 in. blanket insulation between coated papers .................. . 
4 in. mineral wool-unprotected ........................................ . 
Loss in grains per 
sq. ft. per hour 
0.061 - 0.093 
0.093 - 0.123 
0.153-0.555 
0.123 - 1.480 
0.990 -1.850 
0.370 - 0.617 
0 .493 - 1. 480 
0.370 -0.930 
0.617 -2.462 
0.061 - 0.277 
7 .90 
14.20 - 14.80 
2.650 - 2. 770 
3.080 
0.831 
3.700-18.50 
3.080 - 4.620 
0.308 
0.930 
1. 920 - 1. 975 
3.080 - 4.620 
1.975 - 2.420 
18.50 - 24.65 
2.19-3.05 
3.640 
4.440 
1. 380 - 1. 440 
20. 950 
The barrier, when located as described on the warm side of the wall, 
resists the passage of moisture while it is in the form of vapor, and 
therefore before it has a chance to condense into water. Hence there 
is no hazard of water forming behind the plaster or other interior wall 
finish. The barrier also prevents moisture frorn getting into the wall 
or attic space during the construction period, particularly during the 
plastering operation. 
For new construction, vapor barriers of highly resistant paper are 
effective and economical. They should be applied vertically on the 
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interior portion of exterior or exposed side walls with edges lapping on 
the studs after the insulation is installed and before lathing. Hori-
zontal joints should be made only where backed up with a plate or 
header. The barrier should be brought up tight against electric fixture 
outlets, air registers, door and window frames, and other similar 
openings. If wood lath, metal lath, or other types requiring a plaster 
key are used the paper should be applied slightly loose so that the 
plaster can push the barrier back to form the key. Where the ceiling 
below the attic or roof is insulated the barrier should be applied in 
a similar manner. 
Walls finished with such materials as plywood, fiber board, plaster 
board, and the like, should also have the barrier as described. Sheath-
ing paper when used outside of the sheathing in combination with 
the moisture barriers described should be water resistant, but not very 
vapor resistant, so that the small amount of water vapor that may 
leak through the barrier can escape outward. We now believe that 
slaters' felt meets this requirement very well. 
Some kinds of mineral wool are relatively resistant to water 
absorption, others are treated to make them resistant to wetting by 
water. This property, while desirable, does not make these materials 
resistant to the passage of vapor. Therefore, unless additional vapor 
resistance be provided, they should not be considered a source of 
protection against condensation. 
Some types of mineral wool have a vapor resistant paper back 
attached to the bat. Tests to date indicate that these papers average 
somewhat below the resistance previously specified. They are suffi-
ciently resistant, however, to be of definite help in keeping the insula-
tion and the wall dry, and to warrant proper care in installation. The 
wool bat is made to fit between standard stud, joist, and rafter spacing 
with tabs on the paper which extend out from the bat and are tacked 
to the studs or rafters. The bat may be cut or forced back to obtain 
the tabs at the end of the bat. Where the spaces are not standard 
between studs, such as occurs around windows, doors, and dormers, 
particular care should be taken to obtain good joints, even if it is 
necessary to use one of the barriers previously described. As yet no 
suitable provision has been made for sealing the horizontal joints 
between adjacent bats in the individual stud spaces. Unfortunately 
we do not know at present just how much protection is needed at this 
point. 
Blanket types of insulation are also available where the insulation 
is enclosed within a heavy paper covering treated with asphalt. Insu-
< -
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lations of this type come in various thicknesses, and the vapor resist-
ance of the enclosing envelope can be built up to almost any desired 
point. It is important that this type of insulation be carefully in-
stalled so that vapor cannot work through around the edges. The tabs 
should be nailed to the face of the studs with the insulation looping 
loosely inward away from the inner face of the wall, or if installed 
between studs it should be fastened in place with wood strips. 
Fiber board sheathing is often used as a substitute for wood 
sheathing and it may be used either with or without other insulation. 
When used with other insulation the methods of protection suggested 
should be followed. When no other insulation is used the need of a 
moisture barrier is much less, just as with wood sheathing. 
Materials embodying the principle of reflective insulation are in 
use, but opportunity for observation and tests have been limited. One 
type having metal foil attached to both sides of a heavy sheet of 
paper is very resistant to vapor and another type composed of a 
strong paper faced on both sides with metal oxides is also very 
effective in resisting vapor transmission. 
It is also possible to so construct walls that the vapor could pass 
outward through sheathing and sheathing paper and escape through 
openings in the outside wall covering or be carried away by ventilating 
the space between the sheathing and outside finish. Standard con-
struction does not lend itself to this method of moisture elimination. 
One possible method for wood siding would be to place 1 by 2-inch 
furring strips over the sheathing, thus obtaining a vertical ventilating 
space of approximately %-inch which should be open to the outside 
at both the bottom and top of the wall, so that air could enter at the 
bottom and pass out at the top. The openings could be concealed 
behind but not covered by mouldings or other treatment at the water 
table and cornice. Similar ventilation could be adapted to stucco, 
brick, and stone exteriors. With this method the sheathing paper 
should be of a type that passes water vapor readily, such as slaters' 
felt. During periods of protracted cold weather it is quite possible 
that moisture would accumulate in the wall faster than it could pass 
through and be removed by ventilation, hence the ventilation method 
might not assure complete protection. So far, the possibilities in this 
method have not been thoroughly investigated by the Forest Products 
Laboratory, though tests are under Yrny. 
The practice of installing insulation in existing houses, some of 
which have been built for many years, is becoming general, adding 
to both the summer and the winter comfort of the occupants. The 
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occurrence of moisture or condensation in these older houses after 
insulation is uncommon, largely because such houses are not so tight as 
new houses, windows fit less snugly, and probably have no weather 
strips. Under such conditions the normal indoor humidity is low. 
Occasionally, however, these older homes will also show evidence of 
moisture accumulation, and generally when the occupant has made an 
effort to increase the humidity above normal. Some of the companies 
that insulate existing houses take off a portion of the outer wall 
covering and cut a large number of openings in the sheathing through 
which the insulation is blown. The outer covering is replaced without 
filling the holes in the sheathing. These openings allow more or less 
ventilation, and are perhaps helpful in allowing vapor to escape 
outward. Some companies include some form of attic or roof ventila-
tion as a part of their contract. 
Positive protection for existing buildings that have a moisture 
problem or where it is proposed to install winter air conditioning may 
require some type of barrier on the interior face of exterior walls and 
on the ceilings below the roof. Ordinary paints of the flat wall, or 
lead and oil types do not seem to offer the resistance desired, but two 
coats of aluminum paint, particularly on smooth plaster, appear to 
offer reasonably good resistance and permit almost any subsequent 
method of decoration desired. 
The conditions that cause condensation in side walls also occur 
in attics or under roofs, modified more or less by any ventilation that 
may be provided or that may occur naturally. Roof condensation is 
observed or reported far more frequently than side wall condensa-
tion, since it is more in evidence. For example, in a pitched roof house 
condensation may develop on the roof sheathing during· a severe cold 
spell, forming as frost or ice. During subsequent mild weather, or 
under a bright sun, the ice melts and water works back through the 
plaster and spots the ceiling. 
The principles that apply to side wall protection also apply to 
attics, modified somewhat by the type of roof. In new construction it 
is easy to apply vapor barriers the same as for walls. However, many 
kinds of roof materials are highly vapor resistant, and any vapor 
passing through the barrier, or otherwise reaching the space below the 
roof cannot escape readily through the roof covering. With pitched 
roofs, ventilation through louvered openings, windows, or other 
means will usually take care of the situation. With flat roofs and hip 
roofs, and where the ceilings are bisected by roof rafters it is often 
difficult to provide adequate ventilation. Unless ventilation can be 
! • 
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provided for such types of construction it is not safe to carry high 
winter humidities. 
The question sometimes arises as to the possibility of summer cool-
ing causing condensation in walls. This is very unlikely because the 
inside temperatures are seldom more than 15 degrees below outside 
temperatures so that the possibility of condensation would only occur 
during periods of extremely high humidity outside. Such a condition 
would be of rather short duration and would be unimportant. 
General Recommendations 
For all new houses, especially north of the Ohio River, it is recom-
mended that a suitable vapor barrier be installed on the interior of all 
exposed walls, and in the ceiling below the attic, and that some form 
of attic ventilation also be provided. Further, that any sheathing 
paper used should be water resistant but permeable to vapor. The 
protection afforded will also prevent condensation that might otherwise 
develop during the construction period, particularly if the house is 
plastered during cold weather. 
For existing houses having no vapor barriers maintain humidities 
at such a point that condensation will not develop in walls and attics. 
Since conditions in walls cannot be readily determined, the attic, if 
tight and without ventilation, may be used for observation. In general, 
the safe humidity inside in relation to outside temperature will cor-
respond roughly with the values given on Fig. 1. To maintain higher 
humidities safely some form of vapor barrier can be applied to the 
exposed walls and ceilings, such as 2 coats of aluminum paint. While 
not offering as much resistance as the more effective barrier this 
method should mean that humidities of about 30 per cent could be 
maintained in normal winter weather having short periods of zero 
weather. 
The suggestions offered are based upon tests made at the Forest 
Products Laboratory, part of which are still under way, combined with 
observation and experience in occupied houses. As further informa-
tion becomes available additional recommendations and modifications 
of the present ones will be released. 
IX. AIR-CONDITIONING WATER .SUPPLY AND DISPOSAL 
w. D. GERBER* 
The basis for this paper is found in the desire of many persons to 
obtain air conditioning by the use of cold water and to waste the same 
after it has served that purpose. It therefore is desirable to know 
something about the occurrence of water and the amounts available 
for the purpose under discussion, as well as some of the difficulties 
connected with its disposal. 
The original source of water is usually regarded as rain or snow, 
and for the sake of simplicity it is not necessary to be more explicit. 
Rain and snow storms are periodic phenomena, and since it is 
not convenient nor possible to profitably use the moisture as fast as 
it falls, some means of storing it must be provided whereby the water 
becomes available for prolonged demands between storm periods. 
It has become a common practice to describe the occurrence or 
source of a water in terms of the kind of storage from which it is 
extracted; thus "surface water" describes a water found or stored on 
the surface as in lakes, ponds, reservoirs, and streams, while "ground 
water" is equally descriptive of water obtained from subsurface 
storage. 
Surface water supplies play a very important part in the welfare 
of the citizens of this state since some 177 municipalities, representing 
a total population of 4 762 000 persons are entirely dependent on 
such water for their public supplies. The balance of the population of 
the state are dependent on ground water for their public or private 
supplies. 
Because of their unsheltered position, surface waters are subject 
to considerable change in tempera,ture, and in the summer time when 
cold water is at a premium they are at their warmest, hence such 
water cannot be satisfactorily used as the direct cooling medium in 
air-conditioning equipment. 
Ground water, on the other hand, in its percolation downward is 
protected from the summer heat at the ground surface, and remains 
at a relatively cool temperature. 
The materials or formations from which ground water may be 
obtained can be broadly classified as: 
(a) Sand and gravel deposits in the drift 
(b) Limestones and sandstones. 
*Engineer, Illinois State \Vater Survey, Urbana, Illinois. 
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Well-drilling records seem to indicate quite conclusively that the 
entire area of the State of 'Illinois is covered by layers of sandstone 
of the Cambrian and Ordovician systems. 
The sandstones of the Cambrian system are the older, and hence 
lie at the greater depths. In the early day these sandstones were 
designated as "Potsdam;" somewhat later the terms "upper" and 
"lower Potsdam~' were frequently used, and it is not uncommon to 
see or hear these terms used today, although the geological reports have 
long since abandoned them, and have given specific names to the 
various members included in the system groups. Thus, Mt. Simon 
sandstone is the ·prevailing name for the deeper member and the 
Dresbach sandstone for the most important unit in the upper part 
of the Cambrian system. 
Lying at some distance above the Dresbach sandstones is another 
important water-bearing formation of the Ordovician system widely 
known and recognized as the St. Peter sandstone. 
Geologic changes in the earth's crust are responsible for differences 
in position, thickness, and depth of these sandstones at various places, 
but in general these formations have a gentle inclination from their 
outcrop or absorption area in southern Wisconsin, southerly into 
Illinois. Thus rain and snow falling on the absorption area in southern 
Wisconsin passes into these sandstones and eventually is extracted 
through the deep wells in northern Illinois. These sandstone forma-
tions furnish the public water supply for some 138 municipalities with 
a total population of 608 600. 
These sandstones no doubt are full of water at all points, but it 
has been learned by experience that there is a limited area within 
which acceptable water may be obtained. This zone within which 
deep sandstone water of satisfactory quality may be secured em-
braces that part of Illinois north of a line across the state through 
the cities of Stronghurst and Chatsworth. The most satisfactory water, 
both from the standpoint of low mineral content and low temperature, 
is of course found along the north line of the state. A progressive 
increase in mineral content and temperature occurs as the southern 
limit of this zone is approached. 
Water temperatures of as high as 72 deg. to 75 deg. F. have been 
recorded in wells near the southern limits of the deep well zone . 
With reference to the increase in temperature of water from deep 
rock wells it is desirable to keep in mind that in this state the rate of 
change in temperature closely approximates one degree for each 100 
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feet of depth below 300 feet, at which depth the water temperature is 
assumed to be 50 deg. F. 
Since an initial temperature of 55 deg. F. or less is desirable for 
air-conditioning units wherein cold water is the cooling medium, it 
is apparent that neither surface water nor water from deep sandstone 
wells is suitable but that such water must be obtained from subsurface 
storage at relatively shallow depths. It appears fro~ the records now 
available that the temperature of water taken from limestone wells at 
depths of 400 feet or less is a few degrees colder than water taken 
from sand and gravel deposits in the drift at the same depth. How-
ever this difference may be due in part to the greater amount of 
cold rain and snow water that is absorbed during the winter months. 
Opportunity to obtain water from relatively shallow rock wells 
exists principally in the northern part of the state, although there is 
a rather narrow area paralleling the Mississippi River south of Madi-
son County, where both limestone and sandstone wells of more or less 
limited capacity may be developed. 
In the northeastern portion of the state all of the counties of Lake, 
Dupage, Cook, nearly all of Kankakee, Will, Kane, and McHenry and 
the northeasterly corner of Kendall and DeKalb are underlain by the 
Niagaran limestone. 
This formation has a slope ·from west to east and is found at its 
greatest depth in the vicinity of the west shore of Lake Michigan. 
Within a strip of irregular width, having perhaps an average of 8 or 
IO miles, and extending along the lake shore from about IOOth street 
in the city of Chicago northerly to the state line, the Niagaran 
dolomite has been found to be generally rather tight and devoid of 
fracture and crevices, hence the production of wells in this area is 
small, varying from practically nothing to a maximum of perhaps 20 
gallons per minute. Thus, within the city of Chicago, and extending 
northward through the north shore communities, the opportunity to 
develop Niagaran limestone wells of acceptable yields for air condi-
tioning is not regarded as attractive. Westerly of this zone of low 
production is a much wider area extending from about the south line 
of Kankakee County northerly across the counties previously enumer-
ated wherein the Niagaran limestone appears to be much fractured 
and creviced, and because of this the opportunities for developing 
wells with considerable production is greatly enhanced. Rates of 
production as great as 500 gallons per minute have been recorded 
from this area. 
• 
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It should not be assumed that it is ·possible to put down a well 
anywhere within this more favorable area and secure high production. 
The amount of fracturing and crevicing controls the amount of water 
in storage, and since this condition is not at all uniform it has hap-
pened that even in areas that are rated as highly productive certain. 
small areas have proved very disappointing. Areas underlain with 
Niagaran dolomite are found in the northwestern portion of the state;. 
but these areas have never been developed, largely, perhaps, because of 
their location with respect to local production needs. 
Lying below the Niagaran dolomite and separated from it by a 
heavy bed of shale is a limestone formation known as the Galena-
Platteville dolomite. This formation outcrops or has its absorption 
areas in many places, and is the source of water for many wells in that 
portion of the state west of McHenry, Kane, and Kendall, and north 
of LaSalle, Bureau, and Henry Counties. Its highest development .. 
occurs in the most northerly counties. Here again the development' 
of wells for air-conditioning purposes should be undertaken with care, 
as the water storage ability of the Galena varies over a wide range, 
largely for the same reason as described for the Niagaran dolomite. 
In the vicinity of Rockford, and for some few miles down the 
Rock River Valley, the Galena dolomite has. been eroded to such an 
extent there is left but little if any limestone cover on the St. Peter 
sandstone. In these scattered areas water in more or less limited 
quantity and of satisfactory temperature may be obtained from this 
formation. 
In the narrow rock well area paralleling the Mississippi. River 
south of Madison County there are two formations from which water 
in rather limited quantities may be obtained. In western St. Clair, 
Monroe, Randolph, and possibly Jackson Counties water may be 
obtained from a rather fine-grained sandstone. This formation has its 
absorption area near the river, and from thence dips sharply to the 
east, so that the available width insofar as water supplies are con-
cerned is relatively narrow. The rate of production at Steelville and 
Percy is around 100 gallons per minute, but at other communities it 
is much less. The temperature is about 61 deg. F. at Percy from a 
400-foot well. In Pulaski, Union, and possibly the southern part of 
Jackson Counties fair quantities of water may be obtained from a 
limestone formation. This formation at Anna lies at a depth of 600 
feet and yields a water having a temperature of 59 to 60 deg. F. The 
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rate of production varies widely within short distances, so that the 
construction of wells in this city is a highly speculative venture. 
The temperature of the precipitated moisture in this southern end 
of the state likely has something to do with the higher ground water 
temperatures, since the recharge of the aquifers is largely a matter 
of local rainfall and percolation. 
The last source of ground water supply to be discussed is the drift. 
"Drift," a term used by geologists to designate the unconsolidated 
surface materials of glacial origin, is composed of clays, sands, gravels, 
and boulders of widely varying sizes and mixtures, and completely 
covers the entire area of the state. As might be. expected, some water 
can usually be secured from the drift in almost any location. If this 
were not so many farms would be without occupation. However, 
there are many areas where good or even fair farm wells are scarce, 
and such wells as do exist are subject to seasonable changes. In some 
locations many farm and private wells in small villages go dry during 
the summer season and water must be hauled. 
Because of the manner in which the drift materials were laid down 
there is no order in the depth, thickness, or areal extent of these 
deposits, and water supplies from the gravel and sand components 
must be developed wh!:lre such water-bearing materials are located, 
frequently several miles out of town. While the drift covers the 
entire state, the sand and gravel components generally do not extend 
south of a line across the state drawn through the cities of Casey and 
~ Carlinville. Furthermore, there are counties in the general drift 
water area wherein sand and gravel deposits are very scarce, and those 
that do exist provide only moderate to light yields. 
In general the municipalities in those counties west of the Illinois 
River south of Rock Island, Henry and Bureau Counties, and a group 
of counties east of the Illinois River and south of the Sangamon 
River, have experienced difficulty in developing satisfactory supplies 
of water from the drift materials. Exception of course should be made 
of those cities on the Illinois and Mississippi River where ample water 
supplies have been successfully developed from the alluvial deposits 
of those streams. 
As has been previously pointed out, water-bearing bodies of. sand 
and gravel in the drift are not spread out uniformly, but rather they 
present a sort of spot pattern. Some Of the bodies are long and 
narrow, representing perhaps a buried preglacial stream valley, others 
are more compact in shape, while without doubt all of them will be 
found to have an irregular outline. 
.. 
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The study of these sand and gravel deposits has not progressed 
far enough to positively delineate their limit, but considerable infor-
mation is available about many areas. 
In spite of the irregularity with which the water-bearing beds of 
sand and gravel exist in the drift it is interesting to note that 221 
municipalities, representing a total population of 495 800, obtain 
their public· water supplies from this source. 
The recharge of sand and gravel bodies in the drift is generally 
regarded to be by direct percolation of rain and snow water. Recharge 
may also take place by lateral or vertical movement from lakes and 
flowing streams. 
It has been observed that the temperature of water from sand and 
gravel deposits is somewhat higher than from certain limestone sources. 
Also, water in the north part of the state is, as a rule, colder than that 
in the southern part. 
At one location, where daily observations of water temperature were 
possible, it was found that a change of 20 deg. of temperature took 
place throughout the year. This is an outstanding example of tempera-
ture change, but there is no doubt that some change, perhaps as much 
as 5 deg., does take place in many drift water supplies. The rate and 
amount of daily extraction represents an important factor in tempera-
ture change. The temperature of drift water supplies at the source 
has been found to vary from 52 to 56 deg. F. 
To briefly summarize the water situation with respect to its avail-
ability as a direct cooling medium in air conditioning equipment, it 
is evident that: 
(a) Surface water, while plentiful, is too warm during the summer 
season, and in most cases could become available only through the 
municipal distribution system. 
(b) Deep rock well water generally has a higher initial tempera-
ture than is desired. Unless large quantities of water are required the 
cost of construction would be more than the project could afford. 
(c) Limestone and sandstone water from wells not exceeding 400. 
feet in depth is generally of an attractively cool temperature and in 
the areas where such water may be obtained is a desirable medium for 
use in air cooling units. The construction of wells of this depth does 
not involve prohibitive cost. The likelihood of developing a satis-
factory well at the building site within the limestone areas is· more 
promising than for most of the other aquifers. 
(d) Sand and gravel beds in the drift likely '\Vill furnish a water 
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of desirable temperature, provided such beds are known to exist below 
the site. The cost for well construction would not be prohibitive. 
It has truthfully been said that every improvement to living com-
fort produces a by-product that is harder of solution than the original 
project. This is especially true of air conditioning where the cooling 
element is cold water. 
The successful installation of one well-water-cooled afr-condition-
ing unit in a community is likely to stimulate the installation of other 
units.' However, unless the hydraulic situation has been thoroughly 
studied to make sure that the aquifer is sufficiently prolific, a sue-
. cession of installations may quickly reduce the amount of water 
available to the point where each unit will ·be of little value and the 
. investment lost. This very situation has already occurred in another 
state. Furthermore, the area where air conditio~ing is the most desired 
may be within the zone of influence of the wells which furnish the 
municipal supply. Should this be the case serious reduction of the 
water resources of the city may follow. 
Assuming that ample water is available, there arises the question 
of disposal. Three methods suggest themselves: discharge into a 
nearby water course, discharge into sewers or drains, discharge into 
receiving or drainage wells. 
Where an open water course is available, the disposal of waste 
water from air-conditioning units presents no great problem except, 
perhaps, the laying of comparatively short lines of drains, but it is not 
often that such a simple solution is available . 
. In any community where only sanitary sewers are available the 
discharge into them of waste water from air-conditioning units is un-
desirable because of the effect of this overload on the treatment works. 
In fact, ·municipal regulations usually prohibit the discharge of any 
liquid other than sewage into the sanitary sewer systems. 
Somewhat the same objection might be raised in cases of com-
bined sewer systems on the ground that the discharge of air-condition-
ing waste water would increase the volume of dry weather flow to an 
undesirable degree. 
Storm-water sewers or storm-water drains are the logical conduits 
·for the r·emoval of this waste water, provided they have sufficient 
capacity to pass this cooling water and the runoff from a severe 
summer thunder storm at the same time. 
In most places where this new comfort may become available, the 
storm drains likely have been an improvement of long standing. That 
.. 
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is, they were designed and constructed to remove quickly from the 
surface the rain and snow water only. 
It is not usual to design stol'.m drains sufficiently large to pass 
without surcharge the heaviest storm that might be expected once 
t in 10 years or even once in 5 years. As a matter of fact, most storm 
drain designs are a compromise between cost and efficiency, with the 
accent on cost. Under these conditions, therefore, it not infrequently 
happens that once in every 3 to 5 years these drains become over-
loaded and damage accrues to abutting property. The summer season 
is the time when the most violent rain storms occur. It is also the 
time when air-conditioning units are working overtime to provide· 
comfortable conditions in offices, stores, hospitals, theaters, etc., and 
there is a very strong likelihood that both may want a part of the 
capacity of the storm drain at the same time. 
Studies that have been made indicate that about 0.2 gallons per 
minute are required to remove an average of 500 B.t.u. of heat per 
person per hour. 
Estimates on the density of occupation on a hot summer day in 
cities like Champaign, including dime stores, department stores, 
theaters, etc., indicate that as many as 1000 persons per acre might 
be expected. To provide cooling for these persons there would be re-
quired at least 200 gallons per minute, which is equivalent to about 
0.45 inches of rainfall per hour. In other words the air-conditioning 
waste water is equal to a rainfall of nearly % inch per hour. This 
amounts to considerable water when contributed from a business area 
of only 10 to 15 acres. 
If the storm drain has been designed to remove a rain of 1 % 
inches per hour it is apparent that it will be flowing full at every storm 
in which the precipitation reaches 1 inch per hour. 
In some areas, notably in Long Island, the heavy extraction of 
ground water has created a serious condition, and in order to improve 
the situation attempts are being made to return the used water to 
the ground. This method of disposing of waste water cannot be used 
at every location where sand and gravel wells are possible, but when 
possible it provides an interesting device for recharging pumped out 
areas. In many situations the area for the location of a producing well 
and an absorption well is limited, necessitating the construction of 
two such wells rather close together. Under such a condition the cool 
ground will become warmed by the returned water and the efficiency 
of the conditioning unit will be lowered. 
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From experiences reported it appears that some study must be 
given to the design of the absorption well. Reports further seem to 
indicate that such wells require more attention and maintenance 
than do producing wells. However, it is a bit soon to attempt to 
draw conclusions, but this method· of disposal is receiving serious ', 
consideration. 
This outline of some of the difficulties encountered in disposing 
of waste water from air-conditioning units was not intended as a re-
strictive gesture, but rather to point out some of the more important 
things that should be considered in the development of an air-con-
aitioning project. Too many units have been installed on enthusiasm 
and salesmanship rather than on a well-conceived program. When a 
reaction takes place it is bad for business. 
• 
X. CONSERVATION OF WATER BY USING COOLING 
TOWERS AND EVAPORATIVE CONDENSERS 
SAMUEL I. RoTTMAYER* 
1. Types of Water-Cooling Towers.-The rapidly-growing popu-
larity in recent years of the cooling-for-comfort function of air con-
ditioning .has created new municipal problems. In order to keep first 
costs to a minimum in a highly competitive market, many man-
cooling installations have used city water for condensing the refriger-
ant, wasting the warmed water to the sewer. The great increase in 
such refrigeration tonnage imposed serious loads on the water supply 
facilities and on the water disposal facilities of many cities, especially 
in congested districts. It has become necessary to restrict the use 
of city water for condensing purposes, and to limit the use of the 
sewers for condenser water disposal. Under such restrictions, there-
fore, later installations of refrigeration in connection with air con-
ditioning, especially in the larger sizes, have been made with water-
cooling towers or evaporative condensers as a means of conserving 
water and of reducing the load on sewers. In many other cases where 
water costs are high it has been proved justifiable economically to 
employ water-cooling towers or evaporative condensers. These devices 
transfer the heat from the condenser directly to the atmosphere rather 
than indirectly, as by the sewer. 
W ater~cooling towers are heat exchangers in which an intimate 
contact of condenser water with atmospheric air is achieved, pro-
moting the release of heat from the water to the air. The condenser 
may be remote from the cooling tower. The condenser water is cooled 
in the process, and is returned to the condenser for more heat absorp-
tion, while the air, warmed by the heat received from the condenser 
water, transfers the heat to the general atmosphere with its practically 
infinite ability to receive heat even at a slight temperature difference. 
All cooling towers and evaporative condensers lose a small percentage 
of the circulating water, called spray loss or drift, due to evaporation, 
and to droplets carried away in the departing air. 
Evaporative condensers are heat exchangers in which a transfer 
of heat occurs directly to the air from the liquid refrigerant containers. 
The condenser itself as well as the water is exposed to the air stream. 
The rate of heat transfer is enhanced by wetting the surfaces expose~ 
to the air with water. Water is evaporated in the heat. exchange, and 
further water loss by "drift" also occurs. 
*Mechanical Engineer, S. R. Lewis, Chicago, Ill. 
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A successful and economical cooling tower must be capable of 
effecting a maximum heat transfer for the least expenditure of power. 
The means of accomplishing this consists in breaking up the incoming 
condenser water to present the largest possible water surface to inti-
mate contact with the largest possible quantity of air. The extent of 
cooling is limited by the wet-bulb temperature of the air. Hence the 
efficiency of a device as a water cooler may be expressed· as a per-
centage as follow: 
p t ffi . . 100 (hot water temp. - cooled water temp.) 
er cen e ciency =(hot water temp. -wet-bulb temp. of incoming air) 
Little technical information on the design of atmospheric water 
cooling equipment is available to the public. Most manufacturers 
pattern their towers after time-tested precedents, or proportion them 
on the basis of privately-owned performance data resulting from iso-
lated tests. The American Society of Heating and Ventilating Engi-
neers is pursuing a cooperative research investigation with the Uni-
versity of California on the subject of "Cooling Towers, Evaporative 
Condensers and Spray Ponds," and undoubtedly will publish funda-
mental data which should be of direct aid in water-cooling tower 
design. 
In this study two atmospheric water-cooling towers have been 
placed on a rotating platform on the roof of one of the University 
buildings at Berkeley. One tower uses the sheet method of present-
ing the water to the air, and one uses the drop method. Arrange-
ments for controlling the wind influence have been made, and high 
precision instruments are provided for measuring temperatures and 
volumes of air and water. The instruments include a portable hair 
hygrometer, a thermocouple hygrometer, and a radiation meter. The 
usual flow orifices, potentiometers, psychrometers and the like are 
available. 
The first report on these tests by the technical advisory committee 
is in preparation, covering several months of observation on the 
tower which employs the sheet method of water exposure. 
It is predicted that from the results of these studies cooling rates 
may be computed, provided that the drop size of the falling water 
exposed to the air is known. This drop size can be determined by 
high speed photography. 
Water-cooling towers used in connection with air-conditioning 
refrigeration may be classified as: 
' 
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FIG. 1. HALF-SECTION AND ELEVATION OF AN ATMOSPHERIC COOLING TOWER 
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(a) The atmospheric type, which depends on wind motion for 
operation 
(b) The mechanical draft type, which employs induced or forced 
draft fans for producing air movement through the tower. The humidi-
fying air washer is a modification of an induced draft cooling tower. 
The evaporative condenser is a combination of a refrigerating con-
denser and a mechanical draft cooling tower. 
The atmospheric tower, called also open natural draft, deck type, 
or wind tower is the most common type of tower used for general 
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refrigerating purposes, considering the number and tonnage of instal-
lations. It is constructed of wood or steel framing, adequately braced 
for wind stress, supporting a filling consisting of a series of horizontal 
decks or splash bars equally spaced from top to bottom. 
A system of small louvers or large inclined shields at each deck 
level is supported by the outside of the framing. The water enters 
at the top through troughs, splash heads, or spray nozzles, and 
descends from deck to deck to reach a basin at the foot of the tower. 
The object of the decks is to arrest the fall of water and to increase 
the area of the water presented to the air which passes through the 
tower parallel to the decks. The purpose of the louvers or inclined 
shields is to recover entrained water from the air departing on the 
leeward ·side by deflecting the air upward. Vertical, staggered elimi-
nators between the side shields also have been used to reduce further 
the windage losses or drift of the water. The amount of drift in-
creases with the velocity of the wind. Under average wind velocities, 
drift from an atmospheric tower usually is not a nuisance. Excessive 
·drift onto adjoining property caused by high wiiids, however, has been 
the cause of lawsuits for damage to health and property. 
The eliminators and decks of a tower furnish resistance to the 
flow of air, hence too many of each become a detriment rather than 
an improvement to the tower. 
Increasing the height and the length of a tower increases the area 
of water exposed to air, and increased width increases the length of 
time of contact of the air with the water. However, the results ob-
tained from such variations are not in direct proportion to the increase. 
Increased efficiency by adding height is obtained at the expense of in-
creased pumping head and increased weight per unit of area, whereas 
increased length or width increases the area and foundations. 
Wind towers depend on natural air movement for operation, hence 
they must not be located near obstructions, and the long side must 
be at right angles fo the prevailing winds. The tower should be de-
signed to operate at capacity with a wind velocity not in excess of 
5 miles per hour and with a wet-bulb temperature which is not ex-
ceeded during more than 5 to 8 per cent of the season. For use with ste~m jet refrige~ation, the design wet-bulb te~perature should be 
three to five degrees higher than for ordinary compressor refrigera-
tion because steam jets will "flash-back" and fail entirely if the 
temperature of the departing condenser water exceeds that for which 
the particular jet was designed. 
Atmospheric spray towers are a modification of this type of tower 
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Fm. 2. HALF-SECTION AND ELEVATION OF A FoRCED-DRAFT CooLING TowER 
in that the filling or decks are omitted and water is sprayed down-
ward under pressure from nozzles. Another and new variation in this 
type of tower is one in which the water is caused to descend in sheets. 
The efficiency of an atmospheric cooling tower will vary with its 
design and loading, usually· between limits of 35 and 90 per cent. The 
usual atmospheric deck type tower has an efficiency of about 67 
per cent compared with about 50 per cent for an atmospheric spray 
tower. This difference probably is due to failure in the latter to main-
tain small-sized water droplets throughout the entire time of air-
contact. 
A mechanical draft cooling tower differs from an atmospheric 
tower in that the filler section is enclosed in an air-tight shell or 
casing, and fans are used to create air circulation upward through 
the filling. Water may fall downward, trickling over a wood checker-
132 
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FIG. 3. A MULTI-STAGE TYPE OF COOLING TOWER 
work filler, or may be sprayed downward inside the shell without any 
filler. A set of eliminator plates across the top of the tower removes 
entrained moisture from the departing air. 
If the fans are located at the base of the shell where they can 
readily be inspected and serviced, the tower is called a forced draft 
tower. Horizontal vanes may be provided inside the shell to deflect 
the incoming air evenly across the tower area. If the fans are located 
at the high point of the shell, the tower is called an induced draft 
tower. Fans in such towers are subjected to the deteriorating effect 
of the moist air. An induced draft tower usually is lower in height 
than a forced draft tower for the same cooling results. 
A combination induced and forced draft tower, also called a multi-
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stage cooling tower, is made in the form of two concentric vertical 
cylinders. The annular space between the cylinders contains the 
filling in the form of a series of horizontal wood decks. Air is drawn 
through the louvers in the lower section of the cylinders horizontally 
across the decks to the central cylinder which contains a centrifugal 
fan mounted with its shaft coincident with the axis of the cylinders. 
The air is discharged radially from the periphery of the rotating fan 
blades, and passes horizontally across the decks in the middle section 
of the tower. A steel casing enveloping the outer cylinder of.the middle 
and upper sections of the tower redirects the air leaving the middle 
section decks to pass across the decks of the upper section of the 
tower, thence through a set of eliminator plates above the top of the 
inner cylinder. 
Water trickles down from weirs in distributing troughs located 
above the filling to a water-collecting basin which supports the entl.re 
assembly. 
The heat transfer of this form of mechanical draft tower is high, 
since the air flow is counter to the water flow, and since the water 
droplets are kept small. The efficiencies of the towers will range be-
tween 35 and 90 per cent, depe~ding on the design and loading. The 
usual design has an efficiency of about 67 per cent. · 
Air velocities over the gross area of a mechanical draft tower vary 
with the design between limits of 250 and 600 feet per min~te. Disk 
or propeller-type fans generally are used for producing air circulation. 
Specially-designed blades are used for quiet operation. Increasing 
the number of blades and reducing the peripheral velocity decreases 
the noise produced. Where particularly quiet operation is essential, 
housed centrifugal multiblade blowers are employed. 
An ordinary double spray humidifying air washer may be used 
for a water cooler within a building where considerable width but 
little head room is available. The high efficiency of counterflow heat 
transfer by the vertical mechanical-draft tower is not present in this 
type of apparatus. 
Mechanical-draft cooling towers may be located within or outside 
of buildings. In many instances they are. placed outside and are con-
cealed with pleasing architectural treatment. When installed within 
buildings they may serve as exhaust fans for the buildings and may 
take all or part of the air from inside the building. This air may be 
cooler and more favorable for service than outside air. 
Advantages of mechanical-draft cooling towers over atmospheric-
towers are independence of natUral wind movement, smal1er are'a an'd 
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smaller weight. Disadvantages are higher investment, maintenance, 
and operating costs. 
Mechanical-draft cooling towers for refrigeration plants up to 
about fifteen tons in capacity are available as shop-assembled port-
able units. Towers of larger capacity usually are field assembled. 
The evaporative condenser combines an induced or forced draft 
cooling tower with a refrigeration condenser. Like an indoor cooling 
tower, it may take all or part of its air supply from inside the building, 
and hence may serve also as an exhaust ventilating fan. It is con-
structed generally with a single bank of spray nozzles wetting the 
extended coil surface of a refrigerant-containing condenser built into 
the airway. A bank of eliminator plates is interposed between the 
spray chamber and the departing air. 
The counterflow principle of heat transfer may be incorporated 
in this design. 
For periods of intermediate temperature during the spring and 
fall this apparatus may be operated without water as an air-cooled 
condenser. 
An evaporative condenser, as its name implies, secures a higher heat 
transfer rate from the refrigerant to the air than is possible with 
any arrangement using water alone. This is due to exposure to the 
cooling air not only of the water but also of the tubes containing 
the refrigerant liquid itself. This liquid is many degrees warmer than 
the air, and also is several degrees warmer than the water, and due 
to a greater temperature difference between the donor of the heat 
, 
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and its recipient, the combined heat transfer rate increases measurably. 
Evaporative condensers usually have been made in comparatively 
small factory-assembled types, but no particular size limit need exist. 
They are adaptable to service with reciprocating compressors employ-
ing ammonia and the fluorine group of refrigerants, and they have 
been used successfully with steam-jet refrigeration. It is desirable 
when using an evaporative condenser with a reciprocating compressor, 
to interpose a surge chamber or muffler between the two, lest objec-
tionable noise and vibration be transmitted. 
It is highly important, particularly with the use of evaporative 
condensers, that the condenser tubes be kept clean. Deposition of 
water impurities and air-borne dirt on the tube surface quickly will 
insulate the tubes, retard heat transfer and result in lowered capacity. 
2. Materials of Construction.-The selection of inert materials that 
will withstand long service in the presence of water and moisture-
laden air is important to the usefulness of water-cooling equipment. 
Where weight is not a consideration, concrete is extremely durable for 
water basins. Welded steel plate basins, coated with bitumastic, are 
used where lightness of weight is important. 
Non-ferrous alloys and metals, while apt to be high in fir~t cost, 
usually are enduring. Redwood and southern cypress almost uni-
versally are used for filler and for eliminator plates. Rubber, if vul-
canized to the surface of fan blades, is serviceable. Hydraulically-
compressed asbestos board has been used for shells of towers, and 
ribbed glass for eliminator plates has passed the test of time. 
Where any water-using equipment must be installed within a 
building or above- useful space, sane foresight indicates the use of a 
well drained waterproof membrane below such equipment. 
3. Make-Up Water Requirements.-The quantity of make-up 
water required by each type of air-contacting1 equipment is equal to 
that lost by wind or drift plus that evaporated. The loss in pounds 
of water through evaporation is equivalent to the quantity of heat 
to be dissipated, divided by the latent heat of vaporization at the 
temperature of evaporation, usually slightly above the wet-bulb 
temperature. 
The heat removed per minute in a refrigeration system is the basic 
200 B.t.u. per minute per ton plus additions due to leakage, friction, 
etc., and plus variable additions on account of the ratio of compres-
sion, character of the refrigerant, etc. 
In order to present illustrative compariso~s of the w~te~ c·on;i'.ri'np-
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tion of atmospheric water-cooling equipment used in connection with 
air-conditioning refrigerating systems, representative conditions will 
be assumed which can serve a's a common denominator: 
(1) Design wet-bulb temperature ..................... 75 deg. F. 
(2) Heat dissipation per ton mechanical com-
pression Freon refrigerating system ...... 250 B.t.u. per min. 
(3) Heat dissipation per ton, steam jet refriger-
ating system .......................... 737 B.t.li. per min. 
(4) Maximum design city water temperature ........... 76 deg. F. 
The water loss due to evaporation, being a function of the heat 
dissipation, may be expressed as 
lb. evaporative loss 
B.t.u. per ton heat dissipation 
8.33 X latent heat. of vaporization at temperature of evaporation 
The temperature of evaporation may be taken at three degrees above 
the wet-bulb temperature. 
For. the compression system-of refrigeration, the evaporative loss 
will be 
250 
------ = 0.0275 gal. per min. 8.33 x 1094.3 
and for the steam jet system 
737 
------ = 0.08 gal. per min. 8.33 x 1094.3 
For a Freon mechanical compression refrigerating system, with 
a wet-bulb temperature of 75 deg. F.: and condenser water tempera-
ture range 85 to 95 deg. F., the water circulated per ton will be 
3 gal. per min. The drift loss, then, is one per cent of 3 gal. per min. 
or 0.03 gal. per min. 
On the basis of 80 deg. F. designJwet-bulb temperature and a 
cooling tower of 67 per cent efficiency, the water circulation required 
for the steam jet system is 
737 
------ = 8'.85 gal. per min. ~.33(95 - 85) 
The drift loss then will be 0.0885 gal. per min. 
) 
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The total evaporation and drift losses, per ton of refrigeration, 
for the conditions state,d, are 
Evaporative Drift Joss Total Joss loss 
gal. per min. gal. per min. gal. per min. 
Freon Compression Refrigerating System .••....•.. 0.0275 0.03 0.0575 
8team Jet Refrigerating System .................. 0.08 0.0885 0.1685 
If city water is to be used for condensing purposes, with the 
warmed water wasting to the sewer, the water consumption per ton 
of refrigeration will be 
(I) Mechanical compression refrigerating system-
250 
------ = 1.58 gal. per min. 
8.3(95 - 76) 
(2) Steam jet refrigerating system-
737 
------ = 4.65 gal. per min. 
8.3(95 - 76) 
The saving in water~consumption if a cooling tower should be 
used then would be 
100(1.58 - 0.0575) 
-------- = 96.5 per cent for the compression system, 1.58 
and 
100(4.65 - 0.1685) 
= 96.9 per cent for the steam jet system. 4.65 
A value of 90 to 95 per cent generally is taken as the water 
conservation effected by the use of cooling tower equipment. 
I 
XI. THERMAL INTERCHANGES BETWEEN THE BODY 
AND ITS ATMOSPHERIC ENVl'RONMENT 
CHARLES SHEARD* 
A century or more ago, men of science looked on the life process 
as an inexplicable and incomprehensible mystery. Lavoisier, whose 
work was cut short abruptly in 1794 through the misguided fury of 
members of the French revolution, culminated his chemical researches 
in a study of man himself. With his collaborator, Sequin, who served 
as the "guinea pig," it was found that man absorbed the least oxygen 
in the fasting state under comfortable temperatures. When the tem-
perature was low, the consumption of. oxygen was increased slightly. 
Ingestion of food caused a very definite increase in the oxygen ab-
sorbed and physical labor resulted in tripling the amount of oxygen 
used. These observations of Lavoisier are recognized today as funda-
mental facts. 
As late as 1850, Regnault and Reiset, who were attempting to show 
that oxidation was the main source of animal heat, committed them-
selves to the gloomy view that, although the main thesis which they 
were attempting to substantiate was correct, the reactions were so 
complex that intake of oxygen could not be used as a simple measure 
of he.at production. However, through the work of Rubner (whose 
hope was to reduce the processes of life to the laws of physics) and 
his contemporaries, it was learned that the law of conservation of 
energy applied equally well to living creatures and to the inanimate 
world; that man has an established basal metabolic rate; that his 
internal temperature is definitely fixed under ordinary circumstances 
and that he is limited to residence on the ground, since an ascent of a 
few miles deprives him of an adequate supply of oxygen and descent 
into the earth very shortly brings him into regions which cause 
hyperthermia. 
The approximate constancy of the internal temperature of the 
body, even under wide extremes of atmospheric conditions, is the 
result of the balance between the heat of oxidation and the loss of 
heat from the body. Both the production and loss of heat may be 
measured; a discrepancy b~tween the two quantities has been shown 
to be the cause of a change in internal temperature. Only in disease t 
may there be a significant departure from the equality of heat produc-
*Director, Division of Physics and Biophysical Research, The Mayo Clinic, Rochester, Minnesota, and Professor of Biophysics, The Mayo Foundation of The University of Minnesota. 
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tion and heat loss. Since the body is exposed to an atmosphere which 
may vary in range of temperature more than a hundred degrees 
Fahrenheit, since the degree of protective mechanism may be varied 
greatly, and since the organism produces vastly different quantities of 
heat under different physical and physiologic circumstances, it is 
evident that man is fortunate in having mechanisms for controlling the 
dissipation or conservation, as the case may be, of the heat produced. 
The numerous investigations which have been conducted in· recent 
years, as well as the very extensive researches which are going on at 
present in several of our universities and research foundations, em-
phasize the fundamental importance of the problems of the thermal 
exchanges between the body and its environment.3 • 4 • 6 • 13• 11* 
Radiation, Convection and Vaporization 
There are three main channels by which the human body ac-
complishes its loss of heat, namely radiation, convection, and conduc-
tion. The simplest form of heat loss, conduction, is not. an important 
factor for human beings, although a dog lying on the cold ground 
might lose a good deal of heat in this manner in spite of his hairy 
'insulation. 
Vaporization.-The vaporization of moisture from the body, 
through the media of the skin and lungs, accounts for about 20 to 2512 
per cent of the heat loss when the body is in the region of atmospheric 
temperature in which the losses of heat are regulated largely by 
vasomotor control and cooling of the body (positive storage), or from 
28 deg. C. (83 deg. F.) to low temperatures, and when the subject is 
lightly clothed and in the basal state. DuBois6 showed that, under 
standard comfortable conditions of clothing, temperature, and venti-
lation, normal individuals, patients who had typhoid fever, and those 
who had nephritis and cardionephritis with varying degrees of edema 
and dyspnea, all lost about an equal percentage of calories (average 
about 25 per cent) through vaporization. 
Man has a great safety mechanism, sweating, which is under the 
control of the temperature-regulatory mechanism, and which permits 
the loss of large amounts of heat in ordinary weather or the total 
amount of heat which can be lost (since there may be negative 
storage) when the atmosphere is at or above skin temperature. The 
sweat glands start to function in an individual who is quiet, unclothed, 
and under basal conditions when the temperature of the air reaches 
*Index numbers refer to list of references. 
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30 to 31 deg. C. (85 to 87 deg. F.), and at a lower temperature when 
the person is exercising or is warmly· dressed. 
Radiation.-Radiation may be defined as the transfer of energy 
from the surface of the body by means of electromagnetic waves. 
About 60 per cent of the total loss of heat from the body is ac-
counted for by this method of transfer under ordinary atmospheric 
conditions. Any body that is warmer than its surroundings radiates 
infra-red rays. The range of radiation from the human skin extends 
from about 5 µ. (microns) to 20 µ., with a maximum at about 9 µ. and 
corresponds to the radiation from a black body of 300 deg. Kelvin. 
The human skin is a 97-per-cent black-body radiator. The amount of 
radiation depends on the difference between the temperature of the 
surface of the body and that of its surroundings, and on the extent of 
the body's effective radiating surface. Some of the best work on this 
subject has been done by Aldrich1 of the Smithsonian Institute, Bed-
ford and Warner,2 and Hardy8• 9 of the Russell Sage Institute of 
Pathology. 
The skin of the body, the total area of which constitutes the source 
of radiation, becomes one of the most important organs in any con-
sideration of loss of heat. The blood supply to the skin is very 
abundant and is under the control of the central nervous system. In 
the extremities, in particular, there are many arteriolovenous an-
astomoses which are provided with an abundant supply of contractile 
cells and an equally rich nerve supply so that the skin may be flooded 
with blood; conversely, the arterioles and capillaries in the papillary 
layer may be contracted rapidly, thus cutting down the supply of 
peripheral blood. 
The end organs of the skin receive the sensations of heat and cold 
and transmit them to the cord and brain. Changes in environmental 
temperature have local effects in modifying the circulation of the blood 
through the action of the peripheral vascular systems which are 
abundant in the extremities. Heat and cold may act directly on the 
walls of the blood vessels or may act through chemical substances, 
such as acetylcholine. They may function through axone reflexes. There 
is also the pathway through the sensory nerves to the spinal cord and 
back through the sympathetic nerves to the walls of the blood vessels. 
The so-called heat-regulating center has long been sought; the most 
important region for the control of temperature has been iocated 
in the hypothalamic region. It may be concluded that a consideration 
of the many factors which increase the production or loss of heat 
' 
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indicates that several different parts of the central and peripheral 
nervous systems must be involved. As DuBois remarked, "the higher 
cortical centers certainly come into play in many of the adjustments, 
particularly those of civilized man. Such cortical control is evident in 
the phenomenon of blushing and the outbreak of cold sweat." 
Convection.-Convection is the result of a transfer of energy by 
means of air molecules which come in contact with the body, are 
heated and carry energy (heat) to the environment. When one is in a 
draft, the warm air near the skin, often referred to by the physiologist 
as a "private climate," is replaced by cooler air which continually 
takes heat from the surface. No one knows just how thick this private 
climate is; it is impossible to obtain accurate data regarding it. How-
ever, man can create a semiprivate climate by means of clothing, 
although most clothes are fairly open to air currents and to moisture. 
Of the three methods involved in the transfer of heat, convection is 
the factor measured with the most difficulty, for it is impossible to 
find how much air has come in contact with th~ body. In the past, 
and in many instances in the present, loss of heat by radiation and by 
convection have been measured together. Since the loss of heat by 
radiation can be measured accurately by the radiometers recently 
designed, it is possible to obtain the loss of convection by the simple 
process of subtraction. Data from DuBois and his collaborators give 
us such informative facts as these: a nude subject in a basal state in 
a calorimeter at 22.7 deg. C. lost 19 per cent of the heat through 
vaporization, 66 per cent through radiation and 15 per cent by convec-
tion. These percentages were not appreciably changed by the wearing 
of clothes, or by an. elevation of the temperature of the calorimeter. 
However, when the nude subject shivered in an atmosphere at 22.7 
deg. C., or when a fan was used in the calorimeter at a temperature 
of 29 deg. c., the percentage of heat lost by radiation decreased to 
49 and 41 respectively, and the percentage lost by convection 
increased to 28 and 33 respectively. 
Production and Loss of Heat 
The factors, therefore, which affect the production of heat in a 
given period of time are fairly numerous, and all of them occur by 
reason of the oxidation of fat, protein, and carbohydrate. The base 
line is the basal metabolic rate, which is not of necessity at the lowest 
level, since it is decreased in sleep, by undernourishment and in the 
presence of such diseases as myxedema and is, in turn, increased in 
the presence c;>f exophthalmic goiter. Increases of heat are produced 
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by unconscious tension of the muscles (small amount), shivering, and 
exercise. The specific dynamic action of food causes an increase after 
a meal; the peak, which is of fairly short duration, may be 20 to 40 
per cent greater than the basal level after a heavy meal. Disease is 
an entity in itself, for there are many conditions which are accom-
panied by an increased production of .heat. For generations grand-
mothers have estimated a child's temperature by placing the hand 
on the forehead, thus antedating the fact demonstrated only during 
the last few years that, in normal people, forehead temperatures are 
almost as uniform as mouth temperatures, and that, in the presence 
of fever, changes in the temperature of the forehead furnish the best 
indications of heat loss. 
As I have pointed out in the preceding paragraphs, the loss of heat, 
through the various avenues provided, depends on the surface area 
and the difference between the temperature of th.e body and that of 
its surroundings. , Man's conscious adjustment, the central nervous 
system and the peripheral regulators utilize the channels of radiation, 
convection, conduction, and vaporization in a rather complex manner. 
If it is necessary to increase heat loss, one seeks a cooler environment, 
divests himself of clothing and finds a spot where there is increased 
movement of air. If these are insufficient, the heat-regulating center 
comes into operation and acts through the vasodilatation of the 
peripheral blood vessels, bringing the warm blood to the surface and 
causing a decrease in the temperature gradients between the deeper 
tissues and the radiating surface. If the need for the loss of heat 
is great, the sweat glands are called into action and evaporative regu-
lation is then largely responsible for the maintenance of equality 
between the production of heat and the loss of heat, a situation which 
must exist if the internal temperature of the body is to remain 
constant. 
Zones of Physiologic Response 
Some of the most informative and exact data which :we now possess 
concerning the physiologic responses under various atmospheric con-
ditions has come from the work of Winslow, Herrington and 
Gagge7• 16• 17 of the Pierce Laboratory of Hygiene. Their investiga-
tions have been concerned with partitional calorimetry of both the 
clothed and unclothed subject and the determination of the thermal 
changes which occur in the zones of body cooling, vasomotor regula- _ 
tion and evaporative regulation. Representative data, taken from the 
1939 report before the American Heating and Ventilating Engineers, 
regarding nude and clothed subjects are given in Figures I and 2. 
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(Courtesy of Winslow, Gagge and Herrington, and the American Society of Heating and 
Ventilating Engineers) 
Their experiments indicate that the clothed, semireclining subject ex-
hibits normal and easy physiologic regulation, .between air tempera-
tures of 25 and 31 deg. C. (77 and 88 deg. F.), largely by vasomotor 
regulation. Above 88 deg. F. (31 deg. C.) the individual adapts by 
active secretion of sweat (zone of evaporative regulation). Below 77 
deg. F. (25 deg. C.) the skin temperature falls, but adaptation is in-
complete, and the temperatures of the body tissues fall more or less 
·continuously (zone of body cooling). In the zone of evaporative regu-
lation, metabolism remains constant and increasing evaporative loss 
balances decreasing loss of heat and increasing gain of heat. In the 
zone of body cooling (belaw about 72 deg. F.) evaporative heat loss 
decreases slightly, the metabolic rate increases a little and storage 
(cooling of the body tissues) rises sharply as the loss of heat due to 
radiation and convection increases. 
These cousl.derations regarding physiologic reactions, in a range of 
environmental temperatures of 50 and 100 deg. F. (10 and 38 deg. C.), 
for an unclothed subject lying in bed may be summarized thus: 
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Fm. 2. THERMAL INTERCHANGE FOR CLOTHED AND NuDE SuBJECTS 
AT VARIOUS TEMPERATURES 
(From Winslow, Gagge and Herrington) 
Cold Zone.-There is no control of heat loss; body temperature is 
maintained by chills. The blood vessels of the skin are normally con-
stricted and the body cools as an inanimate body in accordance with 
Newton's law of cooling. 
Zone of Vasomotor Control, 73 to 88 deg. F. (23 to 31 deg. C.).-
Subjects are comfortable in this range of temperatures. There are no 
changes in body temperature. Blood fl.ow to the skin is changed so 
that the loss of heat is automatically adjusted to the environment. 
There is no sweating or generalized feeling of warmth or cold. Sweat-
ing is produced by hot drinks and chills may be evoked by cold 
drinks. 
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FIG. 3. CHANGES IN THE SUPERFICIAL TEMPERATURES OF THE LEGS, WRISTS, FINGERS, 
AND TOES OF A NORMAL, UNCLOTHED SUBJECT IN THE BASAL STATE, PRODUCED 
BY CHANGES IN THE ENVIRONMENTAL TEMPERATURES, THE RELATIVE 
HUMIDITY BEING MAINTAINED AT FORTY PER CENT 
"l' At a room temperature of 72.5 deg. F. (22.5 deg. C.), and subsequent to the ingestion of 
food, the chief regulation of the loss of heat is controlled by the peripheral vascular systems of 
the feet and lower extremities (curve 4). 
Zone of Evaporative Regulation, Supplemented by Increased Vas-
omotor Adjustment, 88 to 98 deg. F. (31 to 36 deg. C.}.-Sweating, at 
constant low humidity, is proportional to the temperature. The periph-
eral blood flow increases with increase of environmental tempera-
ture. Cooling of the body is adequate; the general level of body tem-
perature is higher;the pulse rate increases with increase of temperature. 
The Relative Roles of the Extremities in the Control 
of the Dissipation of Heat 
The earlier work of Maddock and Coller5 • 11 and the investigations 
of the last two years by Sheard, Williams, Roth and Horton13• 15 have 
11 shown that, under increased environmental temperatures, or with an 
increased production of heat, there is a change in the supply of blood 
which is brought to various portions of the surface of the body under 
-(, the control of the mechanisms regulating body temperature. Within 
146 ILLINOIS ENGINEEJRING EXPERIMENT STATION 
a fairly wide range of atmospheric conditions, commonly referred to 
as "comfortable," the dissipation of heat from the body is accom-
plished and controlled chiefly by the vasoconstriction or vasodilatation 
, of the peripheral vascular systems of the upper and lower extremities. 
The records of the skin temperatures given in Fig. 3 illustrate the 
type of results obtained in these investigations, and clearly show the 
relative roles played by the extremities, as is indicated most sensitively 
by changes in the fingers and toes, in the regulation of the loss of 
heat from the body in the basal state, in order that the internal 
temperature of the body may be maintained at approximately 98.6 
deg. F. (37 deg. C.). In brief, the curves of Fig. 3 show that (1) under 
low environmental temperatures, such as 6.4 or 68 deg. F., the tempera-
tures of the toes are at or near the atmospheric temperatures, and the 
control of the dissipation of heat is regulated by the upper extremities, 
as is indicated by the temperatures of the fingers; (2) when the en-
vironmental temperature is 73 to 75 deg. F., the temperatures of the 
fingers, forehead, and thorax are commensurate, and lie within the 
range of 32 to 34 deg. C. (90 to 93 deg. F.), and the regulation of the 
loss of heat is accomplished by vasomotor control of the peripheral 
vascular systems of the lower extremities; and .(3), after the ingestion 
of food, the dissipation of the increased production of heat· (in order 
that heat production may equal heat loss) is accomplished by in-
creased vasodilatation of the peripheral vascular vessels of the lower 
extremities, as is indicated by the great rise of temperatures of the 
toes (from 27 to 30 deg. C.) shown in curve 4, about two hours after 
the ingestion of food. 
Under environmental conditions, therefore, ranging from about 
60 deg. F. (15.5 deg. C.) to 95 deg. F. (35 deg. C.), it has been found 
that when the subject is in the basal state, the temperatures of the 
fingers and toes are approximately at room temperature when this 
temperature is low (60 to 65 deg. F.). In normally reacting subjects, 
as the temperature of the room is increased, the regulation of the 
dissipation of heat by vasomotor control occurs mostly. through the 
hands and lower portions of the arms, followed by a regulatory control 
on the part of the feet and lower portions of the legs when the environ-
mental temperature reaches 78 deg. F. or thereabouts. Finally, at 
higher temperatures (85 to 90 deg. F., with a relative humidity of 
40 per cent) the temperatures of the fingers and toes of individuals 
who have no~al circulation closely approximate the temperatures 
of the forehead and trunk, indicating a high degree of vasodilatation 
of the peripheral blood vessels. It is possible, theref~re, to determi~e 
) 
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definitely the environmental conditions under which the upper and 
lower extremities begin to function as the sensitive controls and regu-
lators of the dissipation of heat from the body. These findings and 
conclusions do not hold for individuals who have peripheral vascular 
diseases. In concluding this portion of the presentation, it should 
be pointed out that, as is well known, the· loss of heat takes place 
through the whole surface of the body. But it should be emphasized 
that the most sensitive indicators of the changes in the vasomotor 
tone of the superficial blood vessels (a process which, presumably, 
occurs over the whole integument) lie in the fingers and toes. 
Effects of Relative Humidity and Air Movement 
Relative Humidity.-Using unclothed subjects, Winslow, Herring-
ton and Gagge11 found that relative humidity had very little effect 
on comfort in the zone of body cooling (•below 83 deg. F.) for the 
unclothed subject and that, below an air temperature of 77 deg. F. 
(25 deg. 0.), for the clothed, semireclining body, the secretion of 
sweat is at a minimum, and variations downward in the relative hu-
midity of the atmosphere exert only a minor effect on loss of heat 
by evaporation. Excessive atmospheric humidity at low temperatures 
may produce a chilling effect because of increased conductivity of the 
clothing. 
The reason why the relative humidity of the atmosphere exerts 
little effect on the heat lost by evaporation is purely a matter of 
physics, as has been emphasized recently by Hardy and DuBois.9 • 10 
The vapor pressure at the surface of the skin at 91 deg. F. (33 deg. 0.) 
is 1.47 inch of mercury, whereas in air at 70 deg. F. (21 deg. 0.), 
with a saturation of 80 per cent, it is only 0.58 inch, or a gradient 
which permits the full evaporative loss. With low movement of air 
and low relative humidity, the evaporative heat loss is about 4 kg. 
calories per square meter per hour (1.5 B.t.u. per square foot) greater 
than with a relative humidity of 75 to 80 per cent. This is equivalent 
to an increase of less than 1 deg. F. in the air temperature. 
Sheard, Williams and Horton14 recently reported the results of in-
vestigations concerning the skin temperatures (chiefly of the fingers 
and toes) of normal subjects under various environmental conditions 
which ranged from 66 to 77 deg. F. on the effective temperature scale 
or, again, under various dry-bulb temperatures with a rather wide 
range of relative humidity. The temperatures of the fingers and toes 
were used for the reason that the extremities play an important part 
in the dissipation of heat from the body in the zone of vasomotor 
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regulation (25 to 30 deg. C.) and for the further reason that thermal 
changes of the fingers and toes are the most sensitive or delicate in-
dicators of change in the vasomotor control. Furthermore, the changes 
in temperatures of the toes are of the greatest significance since, 
within the range of 66 to 77 deg. E. T., the temperatures of the fore-
head, thorax and upper portions of the legs are commensurate and 
high in value, and the upper extremities are involved but little in the 
regulation of heat dissipation, whereas definite evidence of vasomotor 
regulation is demonstrated by the spread in the temperatures of the 
toes from approximately 22 deg. C. (71.5 deg. F.) to 35.8 deg. C. 
(96 deg. F.) . 
. A resume of the data concerning the physiologic responses of 
two subjects (with normal circulation, in the basal state, unclothed 
and in the horizontal position) under various effective temperatures is 
given in Table 1. These data show that, within the range of environ-
mental conditions in which the lower extremities play the chief role 
in the regulation of heat, there is little effect of considerable changes 
in the wet-bulb temperatures in contrast to the definite influence of 
relatively small changes in dry-bulb temperature. As an illus-
tration, at an effective temperature of 70 deg. E. T., the average 
temperature of the toes is 23.8 deg. C. (subject A) when the air tem-
perature is 74 deg. F. (23 deg. C.) with a rel11tive humidity of 65 per 
cent, and 29.5 deg. C. when the air temperature is 76 deg. F. (24.5 
deg. C.) with a relative humidity of 40 per cent. Data obtained in a 
different fashion also support the conclusion that little, if any, effect 
is produced on the skin temperatures by changes in the relative 
humidity at any designated dry-bulb temperature, when the body 
is in environmental temperatures ranging from 70 to 85 deg. F. 
Air M ovement.-Heat losses from the body in the zone of body 
cooling are influenced very greatly by air movement. Quantitative 
measurements of the effects of air movement have not been obtained 
in sufficient number to draw conclusions, but it is known that the cir-
culation of ~ir greatly increases the loss of heat in a cool environment. 
Recent studies at the Pierce Laboratory of Hygiene indicate that, at 
an air temperature of 70 to 72 deg. F. (21 to 22.5 deg. C.), an increase 
in air movement from 20 to 100 linear feet per minute is equivalent, 
approximately, to a drop of 7 deg. F. in operative temperature. At 
higher air temperatures, in which the air is warmer than the skin, 
increasing the velocity of air from 20 to 200 feet increases the heat 
J 
gained by convection and increases the heat lost by evaporation, with ;. 
the result that the limit of evaporative regulation is lowered: It has 
..... ~· .,. ;., '-....1 ~ 
TABLE 1 
DATA REGARDING SKIN TEMPERATURES OF THE FINGERS AND TOES, BLOOD PRESSURES AND PULSE RATES OF Two NORMAL INDIVIDUALS 
UNDER VARIOUS ATMOSPHERIC CONDITIONS INDICATED BY THE EFFECTIVE TEMPERATURE SCALE 
Environmental Conditions Subject A Subject B 
Average Average 
Comments on Comfort 
Effective Dry-Bulb Temperature, Blood 
Temperature, Blood Tempera- Per Cent Deg. C. Pulse Deg. C. Pulse Tempera- ture, Humidity Pressure Rate Pressure Rate ture Deg. F. (mm Hg.) (mm Ilg.) 
Fingers Toes Fingers Toes 
----
66 71 40 28.5• 22.5 90/60 52 26.5• 22.0 94/68 60 Comfortable, except feet cold 
70 55 31.5• 22.1 98/64 48 30.0• 21.5 94/60 48 Slightly chHly 
69 65 30.2• 21.8 88/68 52 29.5• 21.7 90/64 50 Slightly chilly, feet cold 
68 74 40 34.8 30.5 92/58 56 34.5 29.5 94/60 60 Comfortable 
72 60 30.5 25.6 94/62 54 31.0 23.8 94/66 56 Comfortable, feet cold 
70 75 27.4 23.3 84/68 46 26.5 22.4 94/64 48 Comfortable, feet cold 
70 76 40 34.7 29.5 100/74 56 33.5 28.7 96/72 52 Comfortable 
74.5 55 32.0 25.4 88/72 46 31.7 24.4 90/72 50 Fairly comfortable, except feet 
73 65 28.0 23.8 80/60 50 27.4 23.6 90/68 52 Uncomfortably cool 
71 79 40 35.1 32.0 96/78 50 35.5 32.5 96/76 66 Very comfortable 
76 50 34.0 29.3 98/70 50 33.8 28.8 98/70 70 Comfortable, slightly cool feet 
74 65 30.5 26.0 90/66 52 32.0 24.5 98/72 60 Uncomfortably cool 
. 
73 82 35 35.5 33.9 94/64 51 35.6 34.0 98/70 62 Very comfortable 
79 50 35.0 32.6 90/66 52 35.1 32.7 96/68 64 Very comfortable 
77 70 34.6 29.5 90/60 49 . 34.3 30.1 96/64 58 Very comfortable, legs and arms slightly moist 
75 85 30 35.8 34.6 90/62 51 36.3 33.8 94/60 65 Somewhat uncomfortable 
82 50 35.7 34.3 88/60 64 36.1 34.0 90/62 57 Very comfortable 
79 60 35.7 33.8 92/64 60 35.8 34.6 90/66 52 Comfortable 
77 86 40 35.8 34.5 88/66 56 ~36'.'o 34.5 104/76 64 Uncomfortable-sweating 
83 60 35.7 34.3 86/64 54 35.7 34.2 106/74 58 Slightly uncomfortable, too warm 
81 73 34.9 32.7 92/70 52 35.1 33.2 102/76 60 Comfortable. Forehead, hands, feet dry 
•Temperatures of the fingers vacillated considerably, covering a range as great as 6 deg. C. (see Fig. 1.). 
Two values of the basal metabolic rate were obtained for each subject, as follows: A, -2 (44.5 cal/square meter/hour) and -7 (41.7 cal/square meter/hour); 
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B, -10 (39.2 cal/square meter/hour) and -17 (34 cal/square meter/hour). ,_. 
All data were obtained with the subjects in the basal state, wearing pajamas and lying in the horizontal position. ~ 
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been found that, at an operative temperature of 93 deg. F., the body 
can adjust itself to a relative humidity of 95 per cent with an air 
velocity of 100 feet per minute, but only to a relative humidity of 
85 per cent with an air velocity of 17 feet per minute. At a tempera-
ture of 106 deg. F., these conditions are reversed; the body can adjust 
itself to a relative humidity of only 10 per cent with an air velocity 
of 100 feet per minute, and to a relative humidity of about 20 per 
. cent with a velocity of 17 feet. 
In conclusion, I again call attention to the fact that the skin is an 
organ of many and varied functions. Of chief interest for our present 
purpose is its regulation of the temperature of the b.ody, partly by 
acting as a radiator, in which blood is cooled, and partly by perspira-
tion. Heat is always being produced in the muscles and other organs 
and it is always being lost through the skin to the surrounding air. 
The internal temperature is a sort of compromise between the rate at 
which heat is generated and the speed at which it flows away. The 
processes that generate heat in the body are difficult to regulate. Just 
as an engine becomes warm as it works, so heat appears whenever 
the muscles of the body contract and whenever any changes of energy 
occur in the body. To cool the body by interfering with the produc-
tion of heat would cause depression of all kinds of important activities. 
So temperature regulation occurs at the other end of the cycle. When 
the production of heat is excessive or when the atmospheric surround-
ings are too warm, the dissipation of heat through the skin is speeded 
up as much as possible. The blood vessels dilate so that plenty of 
blood may be brought to the surface and cooled; the sweat glands keep 
the skin moist so that there may be extra cooling as a result of 
evaporation. If, on the other hand, the rate of production of heat 
within the body is low, or if the air is cold, the losses of heat must 
be checked in order that the production of heat may equal the loss of 
heat; the blood vessels in the skin contract and the surface of the 
body is relatively dry. Thus the skin acts as an enormous dam, with 
many gateways and sluiceways placed across the stream of internal 
heat, which can be opened and closed as occasion demands. 
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